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Abstract 
Australia’s continental margins were generally assumed as relatively inactive; offshore 
eastern Australia, the Tasman Basin’s margin experiences low rates of sedimentation, 
seismicity, and geological changes. Bathymetry collected over two voyages on the RV 
Southern Surveyor have revealed ubiquitous mass failure scars along the East Australian 
Continental Margin (EACM), with the slopes presenting landslides, canyons, gullies, and 
other erosional features. These range from shallow-seated upper slope slides mobilising 
volumes of ~<0.5 km3, to larger middle-slope slump scars incised deeply into the slope 
that probably displaced volumes of several km3.  
Dredge samples have been collected from failure scarps and slide. The material is 
composed of siliciclastic and carbonate silt/sand; biostratigraphic ages indicate that the 
margin’s geomorphic features formed during the Neogene. Mechanically, the sediment 
samples are consolidated, rarely weakly-cemented, but mostly unlithified. Numerical 
modelling based on their geotechnical properties indicates that the slopes are statically 
stable, and external triggers such as a large earthquake (≥M7) are required to induce 
failure. None of the other commonly invoked triggers (e.g. rapid sedimentation, isostatic 
rebound, weak layers, gas hydrate dissociation) appear to be applicable to the setting.  
Thus the EACM presents a paradox: a tectonically-stable margin with low sedimentation, 
presenting evidence of large and widespread failure. The dredge samples and slope 
geometry strongly suggest that the continental slopes are inherently stable. An integrative 
model posits that the combination of increased seismicity and the intensified oceanic 
currents during the Late Miocene and Pliocene caused extensive slope dissection and 
failure. This thesis will investigate the morphological evolution of the EACM using 
bathymetric data and sediment samples, and examine various aspects of the integrative 
model through a series of case studies.  
 
Keywords: passive margin; geomorphology; landslides; slope failure; submarine canyons. 
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Chapter 1 
Introduction 
 
1.1. Preamble: Slope Failures on Continental Margins  
Australia is generally assumed to be one of the safest countries on the planet in terms of 
the risk to which it is exposed from tectonic boundary hazards. Continental Australia is 
situated in the middle of the Australian Plate and its coastline is located over 2000 km 
from any active margins. Historical written records of earthquakes, volcanism and 
tsunamis are sparse in comparison to the populated regions of Asia, Europe, and the 
Americas. However, with the development in remote sensing and submarine surveying 
technologies such as the multibeam echosounder, side-scan sonar, and more accurate 
seismic profiles, a number of recent studies have revealed that the East Australian 
Continental Margin (EACM) in the Tasman Sea presents extensive evidence of 
submarine landslides and related erosional features across the entire length of its 
continental slope. The larger examples of these landslides probably generated moderate 
(1–5 m run-up height) to large (5–15 m run-up height) and possibly catastrophic (15–30 
m run-up height) tsunamis (Jenkins & Keene 1992, Boyd et al. 2010, Clarke et al. 2011, 
Clarke et al. 2012, Hubble et al. 2012, Puga-Bernabéu et al. 2012, Clarke et al. 2014, 
Fletcher 2015).  
The EACM was formed over a sequence of events involving crustal extension, normal 
rifting and faulting, formation of an oceanic basin (the present Tasman Sea), and ongoing 
subsidence. Continental rifting commenced in the north Tasman Sea at about 70 Ma with 
oceanic basalt forming at approximately 60 Ma (Hill 1992, Gaina et al. 1998, Exon et al. 
2004, Boyd et al. 2010); seafloor spreading ceased at 50 Ma (Exon et al. 2004). 
Compared to other passive continental margins, especially those with direct connections 
to major riverine or glacial outlets (such as the Norwegian coast and its fjords, the USA 
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east coast and the Mississippi River), the EACM is sediment-deficient (Boyd et al. 2010), 
with relatively low rates of modern sedimentation, averaging about 4.5 cm of sediment 
accumulated every 1000 years in the last 11 ka, though sedimentation rates were probably 
higher prior to Miocene time (Jenkins & Keene 1992). With this rate of deposition, the 
EACM is understandably narrow and steep: its width ranges between 20–70 km wide, 
with the continental slope presenting regional gradients from 3–8° between the 150 m 
deep shelf break and the 4500 m deep abyssal plain (Boyd et al. 2010). The slope 
sediments are predominantly composed of hemipelagic mud and terrigenous sands, and 
the margin has been classified as a combination of a siliciclastic and carbonate system 
(Keene et al. 2008).  
To adequately assess the impacts of submarine failures, one must first understand the 
processes and parameters that control them. Many factors precondition for or directly 
cause a submarine slope to fail, such as oversteepening due to tectonic uplift (Sultan et al. 
2004) or undercutting due to erosion (Lee et al. 2007), liquefaction of quick clays 
(Coleman & Prior 1988), presence of gas hydrates (Lee et al. 2007), and cyclic loading by 
waves and tides (Lee et al. 2007), amongst others. A phenomenon that is commonly 
invoked to explain the occurrence of most submarine landslides is earthquake-induced 
ground-shake (Masson et al. 2006). With this assumption, along with the knowledge that 
the continent has experienced low sedimentation rates and minimal glacial impacts, 
Australia’s tectonically-passive margins should logically be relatively unaffected by mass 
wasting processes. Recent studies have also suggested that Australia’s continental margins 
are not the global exception in hosting large failures – in fact, many of the largest 
submarine mass failures have been found to take place on passive, open continental 
slopes (Masson et al. 2006, Urlaub et al. 2012). 
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1.2. Aims and Objectives  
Bathymetric data collected from two research cruises conducted on the RV Southern 
Surveyor, SS2008-V12 (Boyd et al. 2010) and SS2013-V01 (Hubble et al. 2015), shows that 
the middle slope region (~1500 m to ~3500 m depth) of the margin presents ubiquitous 
mass transport features, from small failures that displace less than 0.5 m3 of material, to 
larger failure scars of thick, cohesive slides, as well as deep-seated slumps and canyons. 
The rarer, larger landslide events are estimated to be capable of displacing up to 20 km3 
of sediment (Boyd et al. 2010, Hubble et al. 2011).  
This thesis will present an investigation of the continental slope of the EACM between 
25°25’S in the north and 29°16’S in the south, and its morphological characteristics using 
dredge sediment samples in conjunction with remote sensing data collected from the two 
voyages, with the aim of addressing two major questions. Firstly,  
To investigate the changes undergone by the study area, and the mechanisms by which these 
changes were brought about. 
Specifically, the amount of sediment that has been transported to and from the 
continental slopes, and the manners by which they were transported, with particular 
focus on the role of mass transport events and the morphological features with which 
they are associated. This involves reconstructing the dissected slopes by extrapolating 
their original geometry from adjacent, relatively intact slopes (McAdoo et al. 2000); this 
method also allows for the estimation of the volume of sediments involved in landslides, 
and hence the strength of the triggers that induced the failures.  
In resolving the details of the failures – the volume of failed material, the failure 
geometry, the downslope evolution of the failed mass, and the timing of the failures – 
this thesis will be address its other aim:  
To relate these submarine processes with events in regional and global history. 
In doing so, these failures can be contextualised spatially and temporally, and investigated 
on a broader scale; this will also allow for predictions to be made about the future 
development of the margin, and inform similar studies in other parts of the world.   
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1.3. Thesis Outline  
This thesis explores the submarine geomorphology along the EACM, with special focus 
on the features presented on the middle and lower slopes, such as remnants of large 
failures and canyons. It examines their composition and geometry, and investigates the 
margin’s history of being sculpted by local forces, which in turn were driven by regional 
and global tectonic, seismic, oceanographic and climatic phenomena. The premise of this 
thesis is explored in eight chapters.  
 
1.3.1. Literature Review, Methods, and Data 
Chapter 2 presents a literature review as a contextual introduction to the thesis, 
presenting the scientific rationale behind the investigation, the historical background of 
submarine landslides elsewhere, and a working model for the EACM proposed in earlier 
published work on the EACM, which this thesis will assess, test and refine. It establishes 
and defines the nomenclature that will be used consistently throughout the entire body of 
the thesis. It also provides contextual information for the study area, reviews of existing 
literature and previous studies relevant to the focus of this thesis. The earlier parts of 
each case study chapter (Chapters 5 to 8) will contain individual introductory sections 
with additional information and detailed discussion of literature that is of particular 
relevance to the corresponding chapter.  
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1.3.2. Data Collection and Analysis 
Chapter 3 presents the methodologies and related scientific concepts utilised in this 
thesis. A variety of tests and experiments have been conducted, and the data obtained 
from these is used in four case studies. The methods used to examine, characterise, 
analyse, and interpret bathymetric, sedimentological, geotechnical, and biostratigraphic 
data are outlined. Specific assumptions, considerations and limitations associated with 
these methods are also addressed. The subsequent chapters rely on these data.  
Chapter 4 presents the raw data collected for this thesis. This includes lithological and 
sedimentological characteristics, biostratigraphic ages, and physical properties determined 
by geotechnical tests. These results will be compared to those of related studies 
conducted by Clarke et al. (2011, 2012), Clarke (2014), Fletcher (2015), and Hubble et al. 
(2015) along the EACM. This chapter also aims to quantitatively describe the 
geomechanical behaviour of the sediments, which provides the parameters for computer 
modelling that investigate the margin’s stability under various conditions. This is 
presented in several of the subsequent chapters (Chapters 5, 6, 7, and 8).  
 
1.3.3. Case Studies 
The next four chapters each presents a case study; these case studies investigate a range 
of different and contrasting morphologies of the continental slope due to incision and 
dissection, and most involve canyon activity; in doing so, they further contextualise the 
concepts and experimental results described thus far. The aim is to highlight key 
differences from one segment of the margin to another, and the conditions and factors 
that gave way to each locality’s uniqueness.  
Chapter 5 presents the first case study, which focuses on the Wide Bay Canyon System. 
This system has been selected as a representative locality that features whole-of-slope 
failures –landslides that initiate from the upper slope and continue to the point where the 
continental slope meets the abyssal plain. Based on a comprehensive set of local 
biostratigraphic ages, this chapter provides specific details with which the conceptual 
model for the morphological history of the EACM is refined; by constraining the timing 
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of particular stages of canyon incision and slope dissection, the model is contextualised 
within larger-scale tectonic and climatic events. The preservation of relatively-intact local 
slope segments also allows for slope stability modelling, and the estimation of the 
magnitude and nature of destabilising forces required for inducing failure, such as 
earthquake loading and toe erosion. 
Chapter 6 presents the Maroochydore Slopes case study. This area of continental slope 
offshore Maroochydore features laterally extensive, but relatively shallow-seated 
translational slides on the middle and lower slopes, as well as a series of more deeply-
seated rotational slumps. In addition, a portion of the continental slope has experienced 
minimal dissection and slope failure. These sites enable slope stability modelling.  
Chapter 7 presents a case study focused on the Tweed Canyon System and the adjacent 
Byron Slide. When compared with the previous case studies, this region features a much 
stronger morphological factor of substrate control. Biostratigraphic ages reported for 
sediments recovered from intracanyon sites enable the timing of canyon incision and 
slope failure to be constrained.  
Chapter 8 presents Clarence Canyon as the last case study. This site is both laterally 
extensive and heavily eroded, and is unique in that the canyon floor appears to have 
preserved remnants of intact failure (whereas most other canyons along the EACM 
contain minimal or no significant failed material within canyons or at the foot of the 
slopes, and thus are assumed to have experienced primarily disintegrative failures). The 
Clarence Canyon Debris Field is investigated using a sediment sample in conjunction 
with bathymetric data, and associated slope stability modelling is concerned with 
forecasting probable failures in the future, rather than past or historical analysis.  
Finally, Chapter 9 provides a summary of the conclusions drawn from each of the 
previous chapters, and by comparing and contrasting the four case studies, draws more 
general conclusions about the characteristics and the morphological evolution of the 
EACM as a whole. It presents a model that synthesises the findings of the case studies, 
and highlights the new findings of this thesis.  
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Chapter 2 
Literature Review 
This chapter will present a review of previous work, which provides a context for this 
investigation. It presents examples where similar investigations have been undertaken as 
well as an overview of previous work on the geological evolution of the East Australian 
Continental Margin (EACM) and its submarine landslides.  
 
2.1. Chapter Structure  
This chapter reviews the extensive literature of historical case studies of submarine 
failures that have been documented and investigated, and the models proposed to explain 
the mechanical behaviour of submarine landslides. Section 2.2 presents the premise and 
rationale of the currently ongoing studies in this field, by addressing a number of 
established facts, basic concepts, and validated models derived from investigations into 
submarine mass movements around the world. It will define a set of relevant 
nomenclature that is accepted by the academic community, and demonstrate the 
significance of related concepts using global case studies in a variety of settings. Section 
2.3 focuses on the specific study area of the EACM, defining its geographical extent, and 
reviewing its geological, climatological and morphological context and history. Finally the 
similarities and differences between the study area and the global case studies will be 
discussed, highlighting the EACM’s unique context and academic significance.  
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2.2. Global Overview of Submarine Mass Processes 
2.2.1. Mass Transport Processes in Submarine Environments 
Submarine environments have long been less understood than terrestrial environments. 
Features of the seafloor are remote and cannot be easily observed; geographic isolation, 
lack of light, and high water pressures pose difficulties in exploring these remote settings. 
Some deep-water events are inferred after shallow-marine and coastal consequences are 
reported, such as tsunamis, or from examination of their geological deposits and 
structures (Shanmugam 2003, 2008, 2013). Often it is only through these post-event 
observations and the geological evidence that mass transport processes are understood 
and can be modelled (Hampton et al. 1996). If their context and timing can be 
determined, then the conditions and triggers that cause these processes can be more 
rigorously proposed, constrained, and verified (Silva et al. 2004).   
The destructive capabilities of submarine mass wasting processes first caught media 
attention  on 18 November 1929, when the Grand Banks Slide took place offshore 
Newfoundland (Section 2.2.4.6) (Coleman & Prior 1988, Hampton et al. 1996, Lee et al. 
2007). The landslide, triggered by a M7.2 earthquake, disintegrated and evolved into a 
turbidity current that broke a series of twelve submarine telegraph cables. Interpretation 
of the cable break describes an ordered sequence of breakage over a period of at least 4 
hours (likely 11 hours), with the turbidity current travelling at speeds of 60–100 km/h; it 
also generated a tsunami with a run-up height of up to 13 m, which caused 28 deaths 
(Fine et al. 2005).  
The Grand Banks event was critical in establishing the turbidite and grainflow concept in 
the 1950’s and 1960’s (Heezen & Ewing 1952, Shanmugam 2016). A growing recognition 
of the importance of gravity transport deposits during the 1970’s and 1980’s eventually 
resulted in the scientific community determining that the submarine environment hosted 
the largest landslides on the planet (Lee et al. 2007).  
When the 1998 Aitape tsunami (more than 2000 fatalities and 12,000 individuals 
displaced) (Tappin et al. 2001) and the 2004 Indian Ocean tsunami (Grilli et al. 2007) 
struck, interest in examining submarine landslides was further stimulated. The latter 
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event, in particular, due to the demonstrated association of submarine landslide events 
with tsunami generation, is recognised to be the most destructive submarine transport 
event in recorded history, causing over 200,000 fatalities, devastating many communities 
across Indonesia, Sri Lanka, and India, and reporting notable observations from as far as 
the African and Australian coasts (Masson et al. 2006, Grilli et al. 2007).  
More recently, the 2011 Tōhoku tsunami, resulting in more than 16,000 individuals dead 
or missing, has been strongly suggested to be caused by a submarine landslide that was  in 
turn triggered by an earthquake (Kawamura et al. 2012, Grilli et al. 2013), further 
stimulating investigations of the relationship between large earthquakes and the 
generation of tsunamigenic landslides. These disasters revived the attention and focus on 
submarine processes and their onshore consequences; landslide-generated tsunamis are 
now a focus of a specialist group of scientific researchers (e.g. Lamarche et al. 2015) and 
the public safety awareness and emergency response communities (e.g. Australian 
Tsunami Awareness Group (ATAG)).  
These specific cases demonstrate the aforementioned point: the significance of 
submarine processes is often only appreciated after their associated consequences, 
particularly disasters, have taken place. Having identified this shortcoming in the existing 
knowledge of our environment, geologists, oceanographers, engineers and 
mathematicians have endeavoured to better understand the oceans for both scientific and 
public interest. In the recent decades, the focus has been upon ensuring safety and 
security of coastal settlements and infrastructure; surveys and investigations have 
employed the use of seismic reflection technology, multibeam bathymetry, and side-scan 
sonar imaging equipment, as well as sampling the submarine landslide deposits by 
methods of deep-sea coring, drilling, and dredging (Coleman & Prior 1988, Silva et al. 
2004, Harris et al. 2014).  
These advances have generated detailed information that has revolutionised our 
understanding of deep marine environments. In particular, these investigations have 
enabled the recognition and investigation of a variety of mass transport deposits and 
morphological features. While some of these discoveries provide insight into conditions 
that may favour landslides and tsunamis, many unanswered questions remain. The 
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following sections outline the state of knowledge and indicate the knowledge gaps in this 
field of enquiry.  
 
2.2.1.1. Impacts of Submarine Landslides 
While most known submarine failures are related to earthquake occurrence (Masson et al. 
2006), and these often generate tsunamis, there are a number of observations that 
prevent simple generalisations about submarine landslides:  
 not all earthquakes trigger submarine landslides – a minimum magnitude between 
M6 and M7 is required (Kawamura et al. 2012) 
 not all submarine landslides are triggered by earthquakes (such as those triggered 
by weather events, slope changes, weak sediment layers, and gas hydrate 
dissociation (Masson et al. 2006)). 
 not all submarine landslides result in tsunamis (such as some of the failures 
investigated in this thesis, which occur in deep water far from coast), and  
 large earthquakes commonly cause tsunamis but not necessarily submarine 
landslides (Bardet et al. 2003) 
As such, the cause-and-effect relationship between earthquakes, landslides and tsunamis 
is by no means absolute; and due to the great expense of examining these events in detail, 
the dataset required to resolve the commonalities and generalise our understanding is 
complex and deficient (Masson et al. 2006).  
While the offshore effects of submarine landslides often go unnoticed at the time of the 
event, they do generate sedimentary deposits – resultant chaotic facies have distinct 
appearances in the stratigraphy (Section 2.2.2.1). There are about a dozen such deposits 
in the world, such as the Annot turbidic complex in southeastern France (Callec 2004), 
and units within the Gaoping Canyon, offshore southern Taiwan (Liu et al. 2016). While 
the best example of submarine mass failure observed and recorded in real time is the 
aforementioned Grand Banks 1992 event, where the turbidity current destroyed existing 
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infrastructure on the seafloor – including approximately a dozen submarine cables that 
enabled its speed of motion to be determined (Fine et al. 2005) – there are a number of 
submarine landslides that were detected at the time they took place. These examples 
include the 1964 Seward-Valdez landslide (earthquake loading), the 1979 Nice tsunami 
(rapid drawdown), the 1969 Mississippi Delta landslides (storm wave loading) (Hampton 
et al. 1996), and the Gaoping Canyon earthquake and typhoon that generated grainflows 
and turbidity currents (Carter et al. 2014). However, most failures that occur deeper in 
the ocean remain unnoticed and undocumented until discovered by remote sensing 
technology (Hampton et al. 1996).  
The onshore impacts of submarine landslides are more easily determined. Tsunamis are 
the most significant hazard arising from submarine landslides, and while they can be 
generated by earthquakes alone (providing the earthquake involves vertical seafloor 
displacement)their waveform carries a different signature if a landslide is the direct or 
partial cause: compared to earthquake-induced tsunamis, landslide-induced tsunamis 
commonly have very large run-up heights within the local area, but their far-field effects 
are much more limited since their energy dissipates more rapidly (Harbitz et al. 2006). 
Based on these differences, several large tsunamis in recent years have been inferred to be 
caused, or at least amplified by, submarine landslides, including the 1998 Aitape event 
(Davies et al. 2001, Tappin et al. 2008), 2004 Indian Ocean event (Grilli et al. 2007), and 
the 2011 Tōhoku event (Kawamura et al. 2012, Grilli et al. 2013). Pre-historic landslide-
tsunamis occasionally leave behind proxy indicators in the form of onshore deposits – on 
the Australian coast, coarse-grained deposits with marine contents (such as shell debris) 
have been found in New South Wales (NSW), northern Queensland (QLD), and Western 
Australia extending up to 5 km inland, and are interpreted to have been transported and 
deposited by forces so great that they can only been attributed to submarine landslide-
generated tsunamis (Bryant & Nott 2001).   
 
2.2.1.2. Recurrence Interval of Landslide Tsunamis in Australia 
The most widely-documented disastrous landslide-generated tsunamis include: the 
aforementioned 1929 Grand Banks event, the 1946 Uminak (eastern Aleutian Islands) 
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event (M7.1 earthquake, 42 m run-up height at Scotch Cap, 167 casualties) (Fryer et al. 
2004), the 1998 Aitape event, and the 1979 Nice Messina event. Locally, the catalogue for 
Australia suggests 145 tsunamis events in the historical record between 2.51 Ma and year 
2006 (Goff & Chagué-Goff 2014). Dominey-Howes (2007) documented 57 historical 
tsunamis between 3.47 Ga and year 2006, mostly concentrated along the NSW coast (44 
cases) with significant incidences along the northwestern coast of Western Australia (21 
cases). A majority of these (>60%) can be attributed to seismic triggers, two were linked 
to volcanism, the three oldest documented cases were caused by asteroid impact 
(Dominey-Howes 2007).  
In summary, most of the historically-documented landslide tsunamis recorded in 
Australia are related to earthquakes of M7 or stronger. Assuming this correlation, the 
recurrence interval for such events is between 1 and 2 million years (Clark 2010). For the 
region of the EACM, however, Clarke et al. (2010) identified at least 400 slides that could 
have been capable of generating tsunami on the eastern Australian coast, and suggested a 
recurrence interval of 5,000–25,000 years since the formation of the margin during the 
Cretaceous.  
 
2.2.2. Definitions 
As this field is both relatively young and multidisciplinary, it has a diverse and rapidly-
expanding nomenclature, thus there exist different and sometimes conflicting definitions 
for specific terms within academic literature. To maintain consistency throughout this 
thesis, this section will define key terminology and concepts that will be used in 
subsequent chapters. Some of these definitions have been refined and/or constrained to 
fit their use in this thesis. The nomenclature will be presented in three groups:  
1. terminology that describes submarine processes 
2. terminology that defines morphological features that are formed or modified by 
the submarine processes, or are otherwise associated with their causes and effects, 
and  
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3. terminology that describes geotechnical properties and mechanical behaviour 
of the seafloor and the material of which it is composed 
The primary literature source and references for the terminology and the guide on how it 
is used are “Submarine mass movements on continental margins” (in Continental Margin 
Sedimentation: from Sediment Transport to Sequence Stratigraphy) by Lee et al. (2007), 
“Geomorphology of the oceans” (in Marine Geology) by Harris et al. (2014), “Morphology 
and controls on the evolution of a mixed carbonate–siliciclastic submarine canyon 
system, Great Barrier Reef margin, north-eastern Australia” (in Marine Geology) by Puga-
Bernabéu et al. (2011), and Craig’s Soil Mechanics by Craig (2004).  
 
2.2.2.1. Processes: Types of Submarine Mass Transport 
Mass movement or mass transport encompasses all short-term (taking seconds to 
hours) mechanisms of downslope transport of material (mass). This mass can comprise 
of a combination of sediment, rocks, and water, and its volume is of the scale of several 
m3 to hundreds of km3.  
An event in which mass movement occurs is a mass failure event or mass wasting 
process (Lee et al. 2007). They occur when downslope forces acting on a sediment 
column are greater than the resisting/stabilising forces holding them in place (see Section 
2.2.3.1 for more detailed discussion). The terms ‘mass failure’ and ‘mass wasting’ are 
commonly used synonymously with landslide, although ‘landslide’ is considered to be 
less precise as it refers to the entirety of downslope movements, which are more 
frequently smaller but more observable subaerial/terrestrial events (Masson et al. 2006). 
In cases where these processes take place on the seafloor, the preceding adjective of 
‘submarine’ is added. In this thesis, all mass wasting events referred to are submarine 
unless otherwise indicated.  
The conditions and causes that enable mass failure to occur can be classified by how 
quickly or slowly the processes take place. Processes that act over decades to hundreds of 
millennia to destabilise the slope and make them more prone to failure are termed 
preconditioning factors (Puga-Bernabéu et al. 2011, Urlaub et al. 2012). These are 
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usually insufficient to cause a failure; instead they reduce the slope’s stability to an almost 
critical state (Masson et al. 2006, Lee et al. 2007). The factors that act over the short-term 
(seconds to hours) and ultimately lead to instantaneous and catastrophic collapse of the 
sediment column are termed triggers (Masson et al. 2006). Common and significant 
preconditioning factors and triggers will be further discussed in Section 2.2.4.2.  
The failure mechanics of submarine failures are generally divided into two major types: 
(1) A failure is considered intact or cohesive when the failed mass travelling downslope 
behaves primarily as a cohesive, solid body; (2) if the failed mass breaks apart, and 
disintegrates or disaggregates such that it behaves as a fluid (or slurry), it is 
disintegrative, and is also known as a mass flow or a gravity flow (McAdoo & Watts 
2004). It is believed that most landslides eventually become disintegrative (Lee et al. 
2007). 
Intact failures take two main forms: translational slides (Figure 2.1-A), sometimes 
simply referred to as slides, are failures with slip surfaces developing along a flat plane 
that is approximately parallel to the slope (usually also parallel to depositional layers or 
unconformities), with the failed mass essentially rigid and presenting no internal 
deformation. In contrast, rotational slumps (Figure 2.1-B), sometimes simply called 
slumps, have curved slide planes upon which the failed mass rotates, often crosscutting 
sedimentary layers and producing unconformities. The failed material still appears rigid, 
but internal deformation may occur (Hampton et al. 1996, Masson et al. 2006, Lee et al. 
2007). Generally, translational slides are more likely to travel longer distances downslope, 
while slumps tend to remain close to the initial failure site and may retain attachment 
with the failure scarp and slip surface (Hampton et al. 1996, Grilli & Watts 2005). Failed 
material that remains as a coherent body during failure until subsequent deposition on 
the seafloor (usually at depth, on the abyssal plain) is called an olistostrome (Figure 2.3) 
(Fletcher 2015, Shanmugam 2016); these may be buried or remain as massive ‘blocks’ 
strewn about the seafloor.   
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Figure 2.1. Schematic diagrams with accompanying profiles of a (A) translational slide and (B) rotational slump 
(after USGS 2004). Red dashed lines indicate the slip surface, which is typically planar for translational slides, and 
concave for rotational slumps. 
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Figure 2.2. Examples of failure features 
presented in this thesis’ study area: 
amphitheatre-shaped headscarps of ro-
tational slumps (white dotted lines), 
continuous headscarps of translational 
slides (blue dotted lines), and headscarps 
of complex failures (red dotted lines) (A) 
on the open continental slope offshore 
Maroochydore (Chapter 6) and (B) 
within the walls of Tweed Canyon 
(Chapter 7). 
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Figure 2.3. Morphology of the Maryborough, Capricorn and northern Tasman Basin region (contour interval = 200 m) showing location of the interpreted seismic profile EF 
(shown in red), including profile of the lower continental slope and adjacent abyssal plain, and containing a large olistostromic block (outlined in red dotted line) (from Hill 1992). 
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The history and evolution of disintegrative failure are generally more complex than those 
of intact failures. Disintegrative failures are capable of generating failure masses that 
behave in part or completely like fluids (Lee et al. 2007); their characteristics depend on 
the degree of disintegration, and grainsize of the mobilised material. In order of 
decreasing grainsize, disintegrative failure includes:  
 debris avalanches: e.g. rock falls, collapse of sediments in massive, intact units 
that do not tend to travel far from the initial site of failure due to their size (Jakob 
& Hungr 2007, Masson et al. 2006, Lee et al. 2007) 
 debris flows: sediments may flow, but remain coherent in units of relatively 
massive and intact blocks, rather than completely disintegrated on the granular 
level (Figures 2.7, 2.8, 2.9, 2.10) (Boggs 2006, Masson et al. 2006, Jakob & Hungr 
2007, Lee et al. 2007, Nichols 2013, Takahashi 2014). The deposits of such 
processes are called debrites (Stoker 1998, Shanmugam 2016) 
 turbidity currents: material completely disintegrated and behaves as a fluid. The 
resultant geological units that form when the sediments are deposited are called 
turbidites (Figures 2.5, 2.6) (officially defined by Bouma 1962) (Stow 1994, 
Stelting et al. 2000, Nichols 2013, Shanmugam 2016). The most classical (Walker 
1976) of these units are characterised in the stratigraphic record as fining-upward 
sequences containing coarse sediments (gravel-sized grains) in an otherwise fine-
grained series (Pratson et al. 2000, Boggs 2006, Masson et al. 2006, Lee et al. 2007, 
Bridge & Demicco 2008) 
 grainflows: the failed material is composed of loose, individual sediment grains 
(Selley 2000, Hsü 2013, Boggs 2006) 
 mudflows: the failed material is composed mainly of fluidised mud (Coleman & 
Prior 1988, Wicander & Monroe 2005, Boggs 2006, Lee et al. 2007), and 
 liquefaction flows: the failed material is fluidised due to liquefaction, such what 
follows earthquakes or gas hydrates/methane clathrates dissociation (Coleman & 
Prior 1988, Boggs 2006, Jakob & Hungr 2007, Lee et al. 2007) 
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Figure 2.4. Clarence Canyon with failed material (as intact debris blocks, white crosshairs) on the canyon floor. This 
is one of the few sites along the margin where failed material has been preserved and/or identified (see Chapter 8 
for more details). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. One type of turbidite: a turbidic rock presenting coarse-grained, relatively poorly-sorted layers between 
homogeneous layers of fine sand. Taken at Point Lobos, Monterey Peninsula, California (Maze 2004). 
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Figure 2.6. A larger-scale chaotic sedimentary body formed by earthquake-induced liquefaction of submarine slope 
sediments and subsequent failure as a debris flow. From the Chikura Group, Central Japan (Yamamoto et al. 2007). 
 
These processes are not always distinct from each other within a mass failure (Masson et 
al. 2006, Lee et al. 2007), and one failure event of a certain type may trigger subsequent 
failures of other types. For example, a small translational failure may trigger larger 
secondary slides and slumps by retrogression (Masson et al. 2006), where the sediment 
pile upslope from the initial failure is destabilised (by reduction of confining pressure, 
slope oversteepening or undercutting) (Lee et al. 2007). Figure 2.9 and 2.10 provide visual 
summaries of some possible evolutions of submarine mass failures, originally developed 
by Varnes (1958).  
 
 
Figure 2.7. Summary of the types of submarine mass movements, as classified by Lee et al. 2007. Slides are shown 
here as intact failures, and are classified by their failure geometry; mass flows are defined as disintegrative failures, 
and are classified by the viscosity and/or particle size of the failure mass. 
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Figure 2.8. Summary classification of submarine failure types according to Masson et al. 2006, in which the types 
are distinguished by their hydromechanical, sedimentological and morphological characteristics. Mass slide is defined 
as intact failure, while gravity flow is defined as disintegrative failure. Those circled are failure types that pose a 
greater hazard and thus more commonly recorded and investigated. 
 
 
 
Figure 2.9. Schematic diagram of a potential sequence of mass failure styles and resultant sediment facies 
downslope of a submarine landslide, based on studies carried out on the Grand Banks Slide by Piper et al. (1999) 
(Lee et al. 2007). 
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Figure 2.10. Schematic diagram showing some common types of submarine mass movements and their proposed 
evolutionary relationships: a slide may evolve into a slump; when more fluid is added to the failed mass and the 
sedimentary material begins to break up, a slump may transform into a debris flow. As more fluid contributes to the 
debris flow, it may evolve into a turbidity current (from Shanmugam 2016). 
 
 
2.2.2.2. Geomorphology: Seafloor Impacts of Submarine Landslides 
The focus of this thesis is on the middle slope and lower slope of the EACM, as well as 
the adjacent abyssal plain between ~2000 m and ~4500 m water depth. Most submarine 
failures can be characterised, described and classified by a number of quantifiable 
morphological features. However, as yet there has been no formally agreed or recognised 
consistent morphological or morphologic-genetic nomenclature that has been proposed 
or accepted for describing or classifying submarine landslide scars and related canyons, 
although an informal group led by Mike Clare of the National Oceanography Centre 
Southampton and David Völker of the University of Bremen is working to rectify this 
issue (Hubble 2017 pers. comm.).  
Failures typically exhibit a headwall scarp (Hampton et al. 1996, Masson et al. 2006, Lee 
et al. 2007)/headscarp (McAdoo et al. 2000, Puga-Bernabéu et al. 2011); in some places 
potential headscarps are preceded by pockmarks (Boyd et al. 2010) due to creep (Lee et 
al. 2007) or other forms of gradual and long-term destabilisation such as gas release 
(Hampton et al. 1996, Lee et al. 2007). These sites of failure initiation often take linear 
forms for slides (perpendicular to downslope direction) and semicircular/parabolic, 
amphitheatre shapes for slumps (Keene et al. 2008, Hubble et al. 2012).  
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Figure 2.11. Schematic cross-section of a passive continental margin with (a) vertical exaggeration 50:1, and (b) no 
vertical exaggeration (from Garrison 2010), showing the relative positions of the continental shelf, shelf break, 
continental slope, continental rise (where mass transport sediments are likely to accumulate), and deep-ocean floor 
(abyssal plain). The continental margin is defined as the seafloor between the shore and the deep-ocean floor. 
A spatially- and temporally-proximal series of mass failures would give way to 
intersecting, complementary and genetically-related features, such as submarine canyons. 
Classification of canyon morphological development as they mature is covered in detail 
by Puga-Bernabéu et al. (2011); basic stages of canyon maturity are described in the 
Figure 2.12:  
Figure 2.12.  Schematic diagrams showing the basic stages of bottom-up canyon development on a passive 
continental slope. Phase 4 will not occur if a reef is absent from the system, and the canyon head may instead 
continue to incise the continental slope and develop shoreward (after Puga-Bernabéu et al. 2011). 
Yu (2018)  Literature Review 
24 
Harris et al. (2014) also presented a classification for submarine canyons based solely on 
their morphology, which incorporated a number of quantitative, morphometric 
parameters. The following criteria must be met before a downslope transport system can 
be identified as a canyon:  
1. having a minimum depth range of 1000 m 
2. having a width/depth ratio of less than 150:1 
3. having a minimum incision depth of 100 m, and  
4. having its head initiating at a maximum depth of 4000 m 
Canyons as defined by these four criteria can be subdivided into three main types, with 
respect to their interactions (or lack thereof) with the continental shelf – which is 
defined as ‘a zone adjacent to a continent (or around an island) and extending from the 
low water line to a depth at which there is usually a marked increase of slope towards 
oceanic depths’ (IHO 2008, in Harris et al. 2014, p. 6) (Figures 2.11, 2.13): 
1. shelf-incising with clear bathymetric connection to riverine influences. 
Morphologically, these are ‘less elongate, more fractal, more compact, more 
sinuous and more dendritic’ when compared to slope-confined canyons (Huang 
et al. 2014, p. 369) 
2. headless canyons, which incise the shelf but have no riverine connections 
(Huang et al. 2014), and  
3. slope-confined or blind canyons where their canyon heads are confined to the 
slope beyond the shelf break (Harris & Whiteway 2011, Harris et al. 2014) 
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Figure 2.13. South Australian continental slope investigated by Harris & Whiteway (2011). The continental slope is 
shaded in lilac. Shelf-incising canyons are indicated in yellow, breaching the shelf break and incising into the 
continental shelf; while blind/slope-confined canyons, indicated in blue, do not extend beyond the continental 
slope. Red areas indicate other erosional features indicative of downslope mass transport, such as failure scars, 
gullies and runnels. 
Regardless of the type, all canyons should include at least one major thalweg, and in 
places tributary canyons that may form dendritic incisions at the head from the down-
cutting of sediment flows (Harris & Whiteway 2011, Harris et al. 2014). The spatial 
extents of a canyon may develop landward (retrograding/retrogressive/ bottom-up) 
and/or seaward (prograding/progressive/top-down) as they mature (Harris & 
Whiteway 2011). 
Canyons can be quantitatively described by morphometric parameters: channel length, 
width, cross-sectional shape, sinuosity, changes in channel slope gradient, the shape of 
the thalweg, and forms and number of tributaries are some of the major ones (Harris & 
Whiteway 2011, Puga-Bernabéu et al. 2011, Huang et al. 2014). In general, a canyon’s 
morphology can be classed as linear/sinuous or box-shaped (Boyd et al. 2010) (Figure 
2.14). The morphologies of mature canyons are also significantly controlled by the 
Yu (2018)  Literature Review 
26 
presence of reefs (or lack thereof) at the top of the shelf break (Puga-Bernabéu et al. 
2011).  
Figure 2.14. Linear and box 
canyons identified on the 
continental slope offshore 
Newcastle, Central NSW 
(after Boyd et al. 2010). Box 
canyons develop as a result 
of slope failure between 
linear canyons and co-
alescing of the canyon 
channels; linear canyons may 
be present upslope of box 
canyons, channelling water 
and sediment into the box 
canyon and allowing further 
incision. 
 
   
 
 
 
  
Figure 2.15. Continental slope 2000-3000 m water 
depth offshore Richmond River (Northern NSW) 
showing extensive development of plunge pools 
(arrowed). A cross section (white) shows three plunge 
pools (marked as A, B, C), up to 200 m deep (Boyd et 
al. 2010). 
 
Figure 2.16. Continental slope at 1000-2000 m water 
depth offshore Newcastle (central NSW), showing a 
large pockmark below a slab slide (Boyd et al. 2010). 
Gullies and smaller pockmarks can be seen adjacent to 
the large pockmark, while more deeply-seated failure 
scarps are visible downslope. 
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Commonly there will be sections of intercanyon slopes presenting no or very few small 
failures (Hampton et al. 1996, Puga-Bernabéu et al. 2011). These are colloquially called 
plateaus (Boyd et al. 2010) – despite the fact that they may present relatively steep but 
smooth slopes, as an appropriate term has not yet been proposed – and may contain 
small-scale slides and other isolated features (such as pockmarks and plunge pools) 
(Figures 2.15, 2.16) (Keene et al. 2008, Boyd et al. 2010). These features will be discussed 
and explored in greater detail in Section 2.3.3.1.  
 
2.2.2.3. Geomechanics: Factors of Submarine Landslides  
In analysing these mass wasting processes, this thesis treats them as particulate systems, 
and will address the forces involved (stress, cohesion, lithostatic forces, hydrostatic 
forces, friction, pore pressure) accordingly.  
Geotechnical tests of submarine sediments can provide valuable insights about their 
physical behaviour, even if sample size is relatively small, as marine sediments generally 
exhibit much greater regional consistency compared to terrestrial soils (Silva et al. 2004). 
The geomechanical characteristics of the submarine sediments determine their behaviour 
under stress, and subsequently their tendency to either remain in place on or slide along 
an inclined slope. It is therefore informative to understand whether submarine sediments 
would remain stable or be destabilised when subjected to stress. Stress is defined as a 
force that is transmitted from particle to particle throughout the sediment skeleton; this 
force that a particle applies on another particle on a given plane (i.e. the surface upon 
which sliding and/or deformation takes place) can be of any direction relative to the 
plane. The resultant vector can be interpreted as the sum of two components: the 
normal stress (σ) acting perpendicular to the plane, and the shear stress (τ), which acts 
parallel to the plane (Craig 2004) (Figure 2.17):  
   
 
 
 (2.1) 
Yu (2018)  Literature Review 
28 
where F is the applied force, and A is the cross-sectional area of material parallel to the 
force. Shear stress in the soil can be resisted only by the intergranular friction between 
solid particles (Craig 2004).  
This concept is expanded in the case of 
saturated sediments, where the pore spaces are 
filled with water, which is essentially 
incompressible but movable (unless confined) 
and thus provides a resistance that is 
effectively equal and opposite to the applied 
stress when the sediment is stable. Where a 
saturated sediment experiences stress, there 
are 3 aspects of stress to be considered: (1) the total normal stress (σt), which is the 
force per unit area transmitted in a normal direction across a plane of interest e.g. a 
potential failure plane, (2) the pore water pressure (u), which is induced by the 
incompressible water in the voids of the sediment fabric that acts in opposite direction to 
the total normal stress (thus resisting the applied stress); (3) the combination of these two 
stresses is known as the effective normal stress (σ’), which is the net stress experienced 
by the sediment (Craig 2004). This relationship is quantified by the expression:  
        
where σt is also equivalent to the normal pore water pressure. 
When addressing failure of sediments under stress, shear strength (τf) is defined as the 
sediment’s resistance to failure in shear along a plane (Craig 2004). In order to describe 
this parameter, a failure criterion is required to adequately represent sediment 
characteristics (GEO-SLOPE 2012), with the Mohr-Coulomb failure criterion being the 
most commonly used in slope modelling (Hampton et al. 1996). The previously 
addressed parameters in this case of shear deformation are correspondingly referred to as 
shear stress (τ) and shear strain (γ). Parameters used to describe shear strength are 
cohesion intercept (c) and friction angle, or angle of shearing resistance (φ) (Craig 
2004), which can be thought of as the maximum inclination that a given mass of granular 
material can achieve before it experiences failure under the influence of gravity. Their 
(2.2) 
Figure 2.17.  Diagram illustrating the relationship 
between A and F when τ acts upon a plane. In this 
case, shear stress causes a cube to deform into a 
rhombohedron. 
 
(2.2) 
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relationship, as defined by the Mohr-Coulomb failure criterion, is described by the 
following equation:  
            
and thus:  
                  
In practice, during an experiment, water is either allowed to escape from the specimen 
(thus the pore water pressure remains constant), or is trapped within the sediment fabric, 
causing the pore water pressure to increase directly with the applied stress. These are 
respectively referred as the drained and the undrained conditions, and in each case the 
resultant normal stress and shear stress are dependent upon the rate of drainage and 
therefore the rate of pore water pressure dissipation (Lee et al. 2007).  
Void ratio (e) is defined as the volume of space in a material that can be occupied by e.g. 
air or water, relative to the volume that is impermeable (i.e. of solid matter): 
   
  
  
 
where Vv is the volume of voids (occupied by air or water), and Vs is the volume of solids 
in the material (Figure 2.18) (Craig 2004). 
In case of a saturated material where its voids are occupied by 
water, consolidation is defined as the decrease in the 
material’s bulk volume by an imposition of a load and 
consequent compaction. In this process, pore water is drained, 
void ratio is reduced, and total stress on the material is 
increased. The opposite process occurs when the volume of 
the sediment increases due to an increase in the pore pressure 
or a decrease in the compacting load inducing excess pore 
pressure, and is referred to as swelling (Craig 2004). The 
amount of vertical consolidation that a material has 
(2.4) 
(2.5) 
Figure 2.18.  Schematic dia-
gram illustrating the relation-
ship between voids and solids 
in a material. Note that in this 
particular context and defin-
ition, e can exceed the value of 
1. 
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experienced in the past is expressed as the material’s preconsolidation stress (Solanki & 
Desai 2008).  
Note that these parameters and definitions are relevant for saturated material, which is 
the case for the samples used in this study, as they were recovered from the submarine 
environment.  
 
2.2.3. Slope Stability  
Once the physical and geomechanical behaviour of a sediment sample has been 
quantitatively characterised, evaluation of a submarine slope’s stability can be estimated 
by using a two-dimensional model of the slope’s bathymetric profile and its lithological 
composition described by a set of mechanical parameters. This allows for their stability to 
be calculated, evaluated and assigned a numerical value known as the Factor of Safety. 
 
2.2.3.1. Infinite Slope Modelling and the Factor of Safety 
The simplest and most common method of modelling and analysing slope stability is the 
infinite slope model (Lee et al. 2007, Locat et al. 2009, Puzrin et al. 2010). It consists of 
summarising the stabilising forces (that prevents a slope from failing) and the 
destabilising forces (that causes a slope to fail) into a ratio (Craig 2004). Putting it simply, 
slope failure takes place when downslope forces acting on the sediment column are 
greater than the forces resisting those downslope forces and holding the sediments in 
place (which are mostly accounted for by intergranular friction of the sediment particles, 
as well as cohesion, cementation and lithification, where applicable). For each model 
slope stability calculation, a dimensionless parameter, the Factor of Safety (FoS), is 
determined. It is defined as the ratio of the stabilising forces to the destabilising forces 
(Craig 2004): 
    
                  
                    
 
with the following implications:  
(2.6) 
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 if FoS > 1, the slope is stable 
 if FoS < 1, the slope is unstable and would have failed by shear sliding/slumping 
along failure planes, and 
 if FoS ~ 1, the slope is critically stable 
The smaller the FoS value, the more the slope is prone to failure. Slope stability 
modelling tools, including GEO-SLOPE/W, perform a search to identify the least stable 
failure surface by finding the surface with the lowest FoS.  
While the calculation is simple, the interpretation of the FoS values is more complex and 
prone to misinterpretation; even small reductions in FoS (i.e. -0.1) when its value is less 
than 1 are much more significant than that same increment above 1. Note that unstable 
conditions are denoted by values between 0 and 1, while stable conditions can be 
represented by values between 1 and infinity (Hubble 2010). FoS validity is highly based 
upon the accuracy of the input parameters (cohesion, friction angle and bulk unit 
density), and there are many assumptions that have to be made to simplify the models 
such that they are workable and able to be easily manipulated. Consequently, one has to 
consider that these numerical models cannot account for every parameter controlling 
real-world slopes; many real-life examples include stable slopes that have FoS far smaller 
than 1, and failed slopes with initial conditions that would indicate a FoS greater than 1 
(Yu 2010). Because of this, the numerical results calculated for each scenario’s FoS are to 
be used for a broader characterisation to describe the failure processes, rather than a 
definitive, quantitative indication of the slopes’ actual stability (c.f. Lambe & Whitman 
1979, Mostyn & Small 1987, Hubble et al. 2010).  
 
2.2.4. Global Case Studies of Submarine Mass Failures  
2.2.4.1. Spatial Distribution 
As previously stated, most submarine mass failures around the world are attributed to 
earthquakes (Masson et al. 2006). Therefore, as most earthquakes are spatially confined to 
tectonic plate boundaries, it would only be logical that submarine landslides are too. 
However, since a significant number of landslides are not directly caused by earthquakes, 
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there are bound to be exceptions that do not occur on active continental margins. Figure 
2.19 summarises the occurrence of the submarine landslides that have been documented 
and investigated, in relation to the type of marine margin (tectonically active, passive, or 
volcanic) on which they took place.  
 
Figure 2.19. Location of recorded and/or documented global submarine landslides, with the continental margins 
marked as tectonically active (red) or passive (blue) (adapted from Harris et al. 2014, Fletcher 2015). While many of 
these events occurred on active tectonic margins (e.g. Mediterranean Sea, Pacific Plate boundaries), most took place 
along passive continental margins (e.g. West and South African margins, East American margin, East Australian 
margin). 
It is apparent that while many have taken place on active continental margins, submarine 
landslides are not confined to these specific settings; in fact, only seven of the above 
twenty documented global submarine mass movements took place on active margins. 
The rest occurred on passive margins, most notably offshore Norway, on the east coast 
of North America, and on the northwestern (Masson et al. 2006) and southern margins 
of Africa (Harris et al. 2014). It is evident, then, that active tectonism is not the only 
factor for the trigger of submarine landslides.  
 
2.2.4.2. Factors of Destabilisation 
There are broadly two groups of factors that contribute to the destabilisation and failure 
of a submarine slope: (1) preconditioning factors acting over long timescales (10–100 
ka); these are usually related to inherent geological characteristics (e.g. gas hydrate-bearing 
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strata), sedimentary processes (e.g. pore pressure build-up due to rapid sedimentation) or 
larger-scale forcing factors (e.g. climate change). In contrast, (2) shorter-term triggers act 
over minutes or even seconds, and are usually related to transient external impacts (e.g. 
earthquake shaking) (Masson et al. 2006). Table 2.1 summarises some of the most well-
documented and/or studied examples of submarine failures and their causal factors.  
 
Table 2.1. Factors contributing to submarine slope failures, indicated as either preconditioning factors or triggers 
(after Masson et al. 2006). Note that these classifications are based on general understanding, and there may be 
exceptions (i.e. factors classified here as preconditioning factors may act over a short time, thus are classified as 
triggers in those specific cases). 
 Factors 
Preconditioning 
(P) or  
Trigger (T)?  
Examples 
Historically 
documented 
Earthquake T 
Grand Banks, Canada (1929) 
Aitape, Papua New Guinea 
(1998) 
Tōhoku, Japan (2011) 
Cyclic loading 
(e.g. cyclones) 
P Mississippi Delta, USA (1969) 
Slope loading/ 
Oversteepening 
P 
Nice, France (1979) 
Canary Islands, Spain 
Under-
consolidation/ 
Overpressure 
P Mississippi Delta, USA (1969) 
Weak layers P 
East Coast USA  
Storegga, Norway (6 ka +) 
West coast Africa 
Suggested/ 
less well-
documented 
Gas hydrate 
dissociation 
T 
East Coast USA  
Storegga, Norway (6 ka +) 
Sea level change P Madeira Abyssal Plain, Portugal 
Volcanism T 
Hawaiian Islands 
Canary Islands, Spain 
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Figure 2.20. The relationships between particular settings, long-term preconditioning factors, and short-term 
triggers that ultimately give way to submarine mass failure (Coleman & Prior 1988). All of these factors can have 
one or both of the ultimate effects of 1. reducing the strength and 2. increasing the stress upon the slope material. 
Strength-reducing factors are equivalent to internal factors in Table 2.2, while stress-increasing factors are equivalent 
to external factors. 
 
Table 2.2. Factors contributing to submarine landslides (adapted from Locat & Lee 2002), classified as either or 
both internal (strength-reducing) or external (stress-increasing) factors. 
Destabilising Factor Internal External 
Earthquake ✓ ✓ 
Wave loading (shallow water system) ✓ ✓ 
Tides (shallow water system) ✓ ✓ 
Sedimentation ✓ ✓ 
Presence of gas ✓  
Glaciation ✓ ✓ 
Erosion  ✓ 
Diapir intrusion  ✓ 
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There are other ways to understand the destabilising factors from a more geological 
perspective; Coleman & Prior (1988) summarised a list of destabilising factors that 
contribute to failure from a geotechnical and geomechanical point of view. Factors were 
divided into two types based on whether the factor: (1) reduces the strength of the 
sediment column (an internal factor), or (2) increases the stress acting upon the slope 
sediment (an external factor). Internal factors include the presence of weak layers (beds 
or zones of material with significantly low shear stress compared to their adjacent 
material), gas hydrates and salt diapirs, slope oversteepening, and other factors that are 
usually related to the sedimentation process or slope geometry. External factors usually 
originate from the environment external to the slope, and include earthquakes, cyclic 
loading, and overpressure (summarised in Table 2.2). The Coleman & Prior (1988) 
summary diagram (Figure 2.20) depicts the interrelations between the factors, both long-
term preconditioning factors and short-term triggers; it demonstrates the high 
dependence of failure occurrence on geographical and geological settings. The diagram 
also illustrates the sequential and feedback relationships between some of these factors.  
A key concept included in all slope stability analyses is the role of pore water and its 
reactions to the presence of external forces (e.g. Coleman & Prior 1988, Hampton et al. 
1996, Dugan & Flemings 2000, Bardet et al. 2003, Masson et al. 2006, Urlaub et al. 2012). 
All investigators of slope stability demonstrate and agree that when pore water pressure is 
increased at such a rate that exceeds the rate of dissipation, the excess pressure is 
transferred to the sediment grains, forcing them apart and reducing (or even negating) 
intergranular friction, causing destabilisation of the sediment column (Hampton et al. 
1996). 
 
2.2.4.3. Preconditioning Factors  
Preconditioning factors generally act over a long time to destabilise the sediment pile, 
sometimes with cyclic behaviour, and often without actually causing catastrophic failure. 
In summary, these factors generate one or more of four destabilising effects on the slope 
(c.f. Lambe & Whitman 1969, Craig 2004, Clarke et al. 2011, Clarke et al. 2012, Hubble et 
al. 2016):  
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1. loading of the head – accumulation of sediment, icesheets, infrastructure (e.g. 
construction) at the top of the slope 
2. erosion of the toe – sediment removal from the foot of the slope by tides, 
currents, and biological activity (including human activity) 
3. steepening of the slope – change in the slope gradient (of a section or the entire 
slope) via tectonic uplift and subsidence, glacial rebound, deformation due to 
magmatic and igneous activity., and 
4. changes in pore pressure – increase in load, sea level, or rearrangement of 
sediment particles due to e.g. earthquake shaking, can lead to a relative increase in 
pore water pressure, causing a reduction in intergranular contact (Lambe & 
Whitman 1969) 
In a submarine setting, the coast and continental shelf supply sediment to the head of the 
slope (Harris et al. 2014). Toe erosion can be caused by deep currents (Bangs et al. 2010). 
The toes of slopes can also be steepened by active crustal tectonics (e.g. rifting) or basin 
subsidence (Boyd et al. 2010). Steepening can be a result of tectonic uplift, basin 
subsidence, or isostatic rebound following deglaciation (Coleman & Prior 1988, Collot et 
al. 2001, Gee et al. 2007, Urlaub et al. 2013); changes in sea level (both eustatic and 
isostatic) can cause fluctuations in pore water pressure (Coleman & Prior 1988, Moores 
1990). Often, these factors interact in a positive feedback system to render the system 
critically-stable, which then enables short-term triggers to cause failure. The effects of 
these processes are two-fold: steeper slopes are more likely to fail; at the same time, 
loading of the slope increases pore water pressures.  
Longer-term bathymetrical (morphological) changes can alter the direction and velocity 
of ocean currents, leading to sites formerly experiencing deposition becoming erosional 
(and vice versa), which potentially leads to subsequent steepening and weakening of 
submarine features (Coleman & Prior 1988). In hemipelagic sedimentary systems, slope 
material accumulates in layers creating slope-parallel bedding planes; this enables layers to 
form that are relatively weak and clay-rich, which can potentially act as slide planes for 
translational failures (Masson et al. 2006, Lee et al. 2007).  
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2.2.4.4. Short-Term Triggers 
Long-term destabilisation processes acting in isolation are not generally considered to be 
sufficient to cause a failure; short-term triggering mechanisms are generally posited as a 
requirement for slope destabilisation and submarine landslide occurrence (Hampton et al. 
1996, Masson et al. 2006). In contrast to the preconditioning factors, these triggers act 
instantaneously to cause a sediment column to destabilise and fail. Triggers are events or 
forcing mechanisms that are (a) external to the slope, (b) occur within a short frame of 
time, and (c) may be local, regional or global in spatial extent (Locat & Lee 2002, Masson 
et al. 2006). They include: earthquake loading, instantaneous sea level changes (e.g. during 
a tsunami), gas hydrate dissociation, and instantaneous crushing of hollow microfossil 
skeletons (e.g. foraminifera). Like the preconditioning factors, triggers can act in isolation 
or in combination such that an amplifying positive feedback effect occurs. 
The characteristics of the most significant of these triggers are described in more detail 
below:   
Earthquake Loading: Earthquakes are probably the most commonly invoked trigger 
for submarine mass failures (Masson et al. 2006, Lee et al. 2007). Also known as seismic 
loading and can be a form of cyclic loading, during a sufficiently strong earthquake, 
ground acceleration (destabilising force) can overcome static gravity (stabilising force) 
(Bardet et al. 2003), with slope failure taking place during the earthquake or shortly 
afterwards. The sediments generally experience a decrease in stiffness and shear strength, 
and an increase in pore pressure during both horizontal and vertical ground acceleration; 
in the case of poorly-consolidated sediments, sediment grains are rearranged, resulting in 
sudden compaction (Coleman & Prior 1988, Sultan et al. 2004). As these processes occur 
over a small timeframe, pore water may not have enough time to dissipate; this decrease 
of confining stress makes for an equivalent increase of pore water pressure. If shear stress 
is sufficiently high, the vertical effective stress upon the sediment is reduced to zero 
(Sultan et al. 2004). The result of this is the temporary elimination of intergranular 
contact for sands and silty sands, collapse of the sediment fabric, and ultimately 
liquefaction of the material (Coleman & Prior 1988). Earthquakes of M7 and greater are 
generally necessary to generate the groundshake required for inducing submarine slope 
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failure, although shallow-focused M6 earthquakes have generated slope failure 
(Fukushima & Tanaka 1990) – the style and manner of local ground motion and 
displacement are critical.   
Earthquakes are conventionally associated with the formation and melting of icesheets, as 
glaciation and deglaciation cause large load changes on the lithosphere, greatly increasing 
local seismic activity – field data suggests that the frequency of submarine mass failures 
during these periods increase by a factor of 1.7–3.5 (Lee 2009).  
Sea Level Changes: sea level change can be (1) eustatic, where the volume of sea water 
on Earth fluctuates, or (2) isostatic, where the apparent change in sea level is due to uplift 
or subsidence of the continental crust (Keene et al. 2008), resulting in a change in the 
volume of the basin. Eustatic sea level changes are caused by continental glaciation and 
deglaciation; during these periods, pore water pressure fluctuations within the sediment 
column occur (Lee et al. 2007). However, the excess pore pressure produced amounts to 
less than 0.1% of the total hydrostatic pressure, and dissipation of this pressure over a 
time period in the decades makes failure unlikely to occur due to this process of lowering 
sea level alone (Airey 2016 pers. comm.). More probably, rapid pore pressure changes can 
be induced in shallow tidal settings (Coleman & Prior 1988), and are a potential trigger in 
deltaic systems rather than continental slopes (e.g. Parsons et al. 2014).  
In deep marine environments, failures have been associated with sea level lowstands 
(Hampton et al. 1996); for example, sea level change has been attributed as a primary 
trigger for the Brunei Slide (Section 2.2.4.6) by Gee et al. (2007), though recent data may 
suggest otherwise (Urlaub et al. 2013). The relationship is more likely to be indirect, with 
lowering sea level depressurising sediments that contain gas hydrates (Hampton et al. 
1996, Lee et al. 2007). Another way by which sea level change can indirectly cause slope 
failure is demonstrated by the Mauritania Slide Complex on the Northwest African 
margin (Krastel et al. 2012) and the Storegga Slide in Norway (Lee et al. 2007) – both are 
suggested to have failed during the last sea level lowstand due to subsequent acceleration 
of terrestrial erosion and marine sedimentation. In cases of isostatic sea level fluctuations, 
additional factors of seismicity and steepening of the continental slopes are introduced 
(Coleman & Prior 1988). In summary, while sea level change can contribute to slope 
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Figure 2.21. Phase diagram for two permafrost sediments (different 
depths) and gas hydrates (Maslin et al. 2010). When overpressure is 
removed from gas hydrates (as the result of e.g. removal of overlying 
sediments, or sea-level fall), dissociation may occur. 
 
failure, the process is unlikely to be the primary or dominant triggering mechanism on 
open continental slopes such as the EACM.  
Gas Hydrate Dissociation: Methane hydrate, also known as methane clathrate or 
hydromethane, forms as a result of pore fluids being saturated with biological methane 
and other hydrocarbons, and occurs in organic-rich marine sediments (Coleman & Prior 
1988). In a submarine environment with adequately high pressure and low temperature, 
methane hydrates form in sediments as a water-ice-methane mixture in the solid state, 
and acts as cement for the sediments (Sultan et al. 2004). Gas hydrates exist within a 
discrete zone in the submarine subsurface defined by depth (pressure) and temperature 
variables. Above the limiting depth, pressure and temperature are too high for the 
hydrates to remain solid, whereas below this zone, the sediments are too warm due to the 
geothermal gradient (Maslin et al. 2010) (Figure 2.21).  
 When conditions change – 
such as with an increase in 
temperature, or a lowering of 
sea level (hence confining 
pressure on the submarine 
sediments decreases) (Lee et al. 
2007) – these hydrates are 
decompressed and dissociate to 
a liquid and a gaseous phase 
(Sultan et al. 2004), with 
approximately 170 times (at 
standard temperature and 
pressure) increase in the 
volume occupied by the 
equivalent amount of methane 
in solid hydrate form (Hampton 
et al. 1996). This dramatically 
and suddenly increases the pore 
water pressure, reducing grain 
cohesion and ultimately causing 
sediment liquefaction and slope 
failure (Sultan et al. 2004) 
(Figure 2.22).  
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The relationship between pressure, temperature and gas hydrate stabilisation is not linear 
– in polar regions, gas hydrates form approximately 150–1650 m below the surface of the 
seafloor (Maslin et al. 2010); however, the pressure required for stable hydrate formation 
exponentially increases when temperatures increases to above 0°C (Figure 2.21).  
 
Figure 2.22. Schematic illustrations showing the relationship between the dissociation of a gas hydrate layer, gas 
release and slope failure in various sea level scenarios (International Polar Team 2008). As sea-level falls, water 
pressure upon the hydrate-bearing material decreases, causing the dissociation of the hydrate, mobilisation of free 
gas, and collapse of sediment structure. 
 
Grain Crushing: Compared with the three triggering mechanisms listed above, this 
particular secondary trigger is a relatively new proposition, and therefore is less well-
documented. It has been suggested as a mechanism that causes the sudden loss of 
strength observed in the EACM sediments subjected to shear (Keene 2008 pers. comm., 
Hubble 2015 pers. comm.). This mechanism may be a factor in sediments with 
components of hollow grains, such as the foraminifera-rich slope sediments of the 
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EACM. These grains are intact at the point of initial deposition, and it has been suggested 
that they are capable of imploding when confining stress is increased beyond what they 
can structurally withstand (Craig 2004). This causes the sediment fabric to collapse, the 
pore water pressure to suddenly increase, thus negating intergranular friction, fluidising 
the sediment, and inducing failure.  
The major/most well-documented triggers discussed above are some of the many 
mechanisms that can cause or contribute to submarine landslides. In practice, individual 
contributors are not easily distinguishable in many cases, and multiple factors probably 
act in tandem to induce failure (Coleman & Prior 1988, Masson et al. 2006, Lee et al. 
2007, Clarke et al. 2011). Figure 2.23 summarises recorded submarine landslide events 
around the world by their (most probable, inferred, or interpreted) trigger.  
 
Figure 2.23. Triggering mechanisms of global submarine landslides (Nadim 2012). While active tectonism 
(earthquakes and faulting) has been attributed to the most failures, rapid sedimentation, gas hydrate dissociation, and 
erosion are thought responsible for a significant number of documented failures. 
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2.2.4.5. Favourable Settings  
Cases of historic submarine mass movements that have produced significant observable 
offshore and onshore effects, such as the aforementioned events that took place in 
Grand Banks, Aitape, Indian Ocean, and Tōhoku, are reasonably well identified and 
documented (Harbitz et al. 2006) Tōhoku. Failures that took place before recorded 
history have also been studied using their remnants (erosional or depositional features) as 
proxy data (c.f. investigation on historical tsunamis by Bryant & Nott 2001, Dominey-
Howes 2007). It has been established that submarines mass movements usually take place 
in a specific range of settings with sedimentological and physiographic criteria that make 
them landslide-prone (Hampton et al. 1996). The characteristics that result in a 
submarine slope being prone to failure include the following: 
 High sedimentation rate: rapid sedimentation leads to loading of the head of 
the slope, slope steepening, overpressure due to pore pressure build up, and 
underconsolidation due to rapid deposition. Most settings with a high 
sedimentation rate tend to have strongly-stratified sediments, some of which may 
act as weak layers. 
 Presence of fine-grained, non-cohesive sediment (silt and fine sand): the 
accumulation of fine-grained material usually produces poorly-consolidated, 
strongly-stratified, and thinly-bedded sediments. Pore pressure dissipation in these 
sediments is slow and inefficient, making the material prone to retaining 
intergranular water, which is then more likely to liquefy when subjected to cyclic 
loading or earthquake disruption. They may contain relatively weak layers upon 
which stronger layers can fail (Masson et al. 2006). 
 Extensive, steep slopes: steep slopes are in general more likely to fail – the 
greater the slope, the larger the potential failure mass volume, and the more likely 
the failure will trigger further mobilisation of sediments both upslope and 
downslope. If the slope is laterally extensive, a localised failure may destabilise 
adjacent slopes. 
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 Proximity to active plate boundaries: exposure to strong and frequent 
earthquakes renders slopes unstable even if the material is inherently strong. 
Tectonic and magmatic (i.e. volcanic) activity can cause ground deformation and 
subsequent slope steepening. 
These characteristics and conditions are present in a large variety of marine settings, but 
there are a number of environments that incorporate a combination of the above criteria 
such that the likelihood of failure is greatly increased. Hampton et al. (1996) evaluated a 
number of such settings: 
Active margins: As earthquakes are considered the most significant trigger for 
submarine failures (Masson et al. 2006), active tectonic margins are expectant hosts for 
large and catastrophic landslides (c.f. case studies by Kawamura et al. 2012, Tappin et al. 
2008). Young, active convergent and divergent margins often include extensive areas of 
greatly steepened continental slopes. In such settings, local rates of erosion and 
sedimentation are high, and sediment deposits are usually well-stratified but poorly-
consolidated, leading to easy mobilisation and, on occasion, liquefaction (Sultan et al. 
2004). Earthquakes produce ground movement, including surface ‘ground roll’, or other 
significant oscillations, where transient inertial forces overpower static gravity forces, 
causing build up of pore pressure and destabilisation (Bardet et al. 2003). In rift zones, 
landslides are associated with dyke intrusions (Masson et al. 2006). 
Volcanic ocean islands: Failures that take place on the flanks of volcanoes can be 
present in subaerial or submarine settings, but those of volcanic ocean islands (as 
products of either volcanic island arcs or hot spot volcanism) appear to be the most 
significant in terms of total volume of mobilised sediment (c.f. Collot et al. 2001, Lee 
2005, Masson et al. 2006, Lee et al. 2007). In such settings, the slopes are steep (and tend 
to steepen over time), well-stratified, loosely-consolidated, and frequently exposed to 
seismic and/or magmatic activity and subsequent deformation of the sediment column 
(Hampton et al. 1996, Lee et al. 2007). Landslides play an integral part in the 
morphological development of these islands (Figure 2.24) – for example, Lō’ihi, the new 
volcanic centre to the south of the island of Hawaii (currently completely submerged but 
volcanically active), has over half of its surface marked by landslide activity (Hampton et 
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al. 1996). Of particular note is the observation that failures in this setting appear to be 
more common during sea level highstands; in contrast, continental margin failures are 
more commonly associated with sea level lowstands (McMurtry et al. 2004).  
 
Figure 2.24. Schematic representation of landslides occurring on the flank of a volcano. While this diagram presents 
a subaerial setting, similar and comparable processes occur in the submarine environment, where slope failures are 
triggered by deformation associated with magmatism, and the vertical displacement of material generates a tsunami 
wave of equivalent height (Geoscience Australia 2016). 
Fjords: Fjords are characterised by steep, laterally-extensive slopes and high 
sedimentation rates (Masson et al. 2006, Lee et al. 2007). The sediments of fjords, which 
primarily consist of glacial flour (Lee 2005, Lee et al. 2007), are fine-grained, waterlogged 
and prone to liquefaction (Figure 2.25). Such factors make fjords highly susceptible to 
slope failure, especially during 
deglaciation, when seismicity 
intensifies with isostatic 
rebound, sedimentation rate 
increases with glacial erosion, 
and sea level fluctuates 
dramatically (both eustatic and 
isostatic), which results in rapid 
shifts in pore water pressures 
(Hampton et al. 1996). Due to 
local sedimentology – with the 
rapidly-deposited sediment being 
fine-grained and waterlogged – pore fluid cannot escape easily (Hampton et al. 1996). 
Figure 2.25. Schematic representation of landslides occurring in a 
fjord setting (modified from Prior 1977). A combination of rapid sedi-
mentation, of fine, waterlogged material and toe erosion are shown as 
the major factors involved with slope destabilisation. 
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Some sediments exhibit ‘quick clay’ behaviour (Masson et al. 2006) – conversion of 
relatively strong, sodium-rich smectites to weak clays through the process of fresh water 
leaching. Even with small, slow sliding over a long timeframe (e.g. creep) (c.f. Fell 1992) 
or a minor shift in pore pressure (e.g. low tides) (Lee et al. 2007), this sediment may 
collapse structurally and liquefy. This kind of failure is commonly retrogressive (Masson 
et al. 2006) and can reach beyond the shoreline.  
Deltas: Similar to fjord deposits, deltaic sediments are composed of riverine material 
deposited in a relatively low-energy environment (i.e. at the mouth of the river), thus they 
are commonly fine-grained, waterlogged (low permeability), extremely poorly-
consolidated, and weakly-stratified due to rapid deposition (Hampton et al. 1996, Masson 
et al. 2006) (Figure 2.26), especially during periods of deglaciation or sea level lowstands 
(Urlaub et al. 2013). The sensitivity of the system is dependent on the rate of deposition, 
the size of the deltaic fan, and local geology (Lee et al. 2007). For example, the 
Mississippi Delta is notorious for its deltaic fan failures, due to high deposition rates and 
consequently frequent and large landslides (Hampton et al. 1996).  
Deltas are exposed to a 
number of cyclic 
loading forces: waves, 
tides and currents can 
all cause rapid 
drawdown of interstitial 
water, reducing hydro-
static support from the 
sediment column and 
inducing failure (Coleman & Prior 1988, Hampton et al. 1996). Due to the decay of 
organic content, the sediments are commonly gas-charged and may contain hydrates 
(mostly methane) that dissociate when depressurised (such as by a preceding landslide 
that removes overburden, lowering sea level, and temperature changes) (Hampton et al. 
1996, Lee 2005). While the slope gradients of deltaic fans are usually low (2° or less) 
(Urlaub et al. 2012), poorly-consolidated sediments that are sensitive to any change in the 
environment makes such environments prone to failure (Lee 2005) (c.f. Mississippi Delta 
Figure 2.26. Schematic representation of landslides occurring in a deltaic setting 
(BBC 2014). Rapid deposition of fine, stratified, waterlogged material are the 
major destabilisation factors. 
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case study in Prior & Coleman 1984, McAdoo et al. 2000, Lee et al. 2007, Urlaub et al. 
2013 etc.).   
Submarine canyons: Submarine canyons act as major conduits that accommodate large 
volumes of water and sediment being transported from the continental shelf or slope 
(depending on the maturity and spatial extent of the canyon system) to the abyssal plain 
(Lee 2005). Even on gently-inclined continental slopes, such as those along passive 
margins, canyon walls tend to be relatively steep (Hampton et al. 1996) – those along the 
EACM have average gradients of approximately 10° at the canyon heads, and walls of 
incised tributaries can reach up to approximately 25°. Water and sediments moving 
through these channels both steepen the canyon walls by downslope erosion, and 
potentially erode the toe of the continental slope laterally once they reach the mouth of 
the canyon at the abyssal plain, destabilising the local canyon and the regional continental 
slope (Puga-Bernabéu et al. 2013). Depending on morphology, areas of the canyon can 
also act as sediment traps, retaining unconsolidated material that can then be remobilised 
by relatively weak triggers such as storms (Hampton et al. 1996). Upslope incision of the 
headscarp (leading to both shoreward and lateral extension of the canyon head) (Harris & 
Whiteway 2011), deepening and widening of the canyon channel, and increasing sinuosity 
and length of the canyon thalweg are all aspects of a maturing canyon system (Puga-
Bernabéu et al. 2013). Submarine fans that form at the mouths of some canyons behave 
similarly to deltas, and can fail in the deeper ocean on gentler slopes (Hampton et al. 
1996).  
Open continental slopes: These are intercanyon areas where slopes are relatively intact 
and gently inclined (1–3°) compared with those of active margins (McAdoo et al. 2000, 
Lee et al. 2007, Urlaub et al. 2012) (Figure 2.27). Along with volcanic island flanks, they 
present submarine failures of the largest mobilised volumes (Masson et al. 2006). They 
appear to be ubiquitous across a range of climates (hot and cold, arid and humid) and 
therefore experience large variations in sedimentation rate, style and composition 
(Hampton et al. 1996, Lee et al. 2007). They may be connected to rivers (receiving 
riverine material) or disconnected from them (receiving hemipelagic material) (Hampton 
et al. 1996, Lee 2005). Landslides in such settings were often assumed to be rare and 
seismically-induced in the past; however, within recent decades, the potential for 
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landslides to take place on passive continental margins such as those offshore Australia 
(Jenkins & Keene 1992, Boyd et al. 2004, Boyd et al. 2010, Clarke et al. 2011), east of 
North America (Hampton et al. 1996, McAdoo et al. 2000, Lee et al. 2007), and west of 
Africa (Krastel et al. 2011, Urlaub et al. 2012) has been reassessed. It is now apparent that 
the occurrence of mass failure in these settings is relatively common (Harris et al. 2014). 
Slope failure in this setting is the least well-understood (Hampton et al. 1996), because of 
its seemingly improbable characteristics: the slopes are relatively gentle, tectonic activity 
and earthquakes are low in both magnitude and frequency, and in the case of this thesis’ 
study area, the continental margin is largely disconnected from any riverine input (Boyd 
et al. 2004, Clarke et al. 2011), and therefore has relatively low sedimentation rates (Boyd 
et al. 2004, Keene et al. 2008, Clarke et al. 2011).  
 
Figure 2.27. Generalised, schematic diagrams contrasting the geomorphic structures on passive and active 
continental margins: active margins tend to be narrower, steeper and more thinly-sedimented, while passive margins 
have wide, open shelves and gently-inclined slopes composed of sedimentary strata. Typical settings of canyons on 
each of these margins are shown (dark blue) (Harris & Whiteway 2011). 
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Hubble et al. (2012) went so far as to describe the prevalence and size of the EACM 
submarine landslides to be paradoxical, due to the absence of the commonly accepted 
characteristics necessary to generate failure-prone submarine slopes. There is ongoing 
debate as to what causes these margins to fail; some of the more widely-accepted models 
invoke the idea of weak layers in the sediment column being mobilised through 
liquefaction, gas hydrate dissociation (Hampton et al. 1996, Lee et al. 2007, Urlaub et al. 
2012), and/or physical breakdown of internal layers (e.g. crushing of foraminiferal 
skeletons) (Urlaub 2011 pers. comm., Hubble 2012 pers. comm.) (Section 2.2.4.4).  
 
2.2.4.6. Global Case Studies  
Several specific settings present a combination of characteristics that make them failure-
prone. This section presents case studies of well-documented submarine landslides that 
have occurred in settings similar to the EACM study area. Summaries of these studies 
illustrate the current state of knowledge in this field and its social significance. 
Brunei Slide 
Setting: active margin, delta 
Probable cause/s of failure: 
gas hydrate dissociation 
The Brunei Slide took place on 
the active convergent margin 
offshore north-western Borneo 
(Figure 2.28). The local 
continental slope has direct 
connections with Baram River 
and its associated delta, which 
supply sediment to the head of 
the slope, and which can 
potentially also erode the toe of 
Figure 2.28. Regional base map showing the Brunei Slide (outlined in 
white within dark rectangle), offshore northwest Borneo. Rectangle 
marks area studied by Gee et al. (2007).Contour intervals are at 500m. 
Darkness of shading indicates slope steepness. 
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the slope (Gee et al. 2007). Landslides occur fairly frequently, mostly on slopes with very 
low gradients – the upper, middle and lower slopes have respective inclinations of 1°, 
2.5° and 0.4° (Gee et al. 2007).  
While the displaced volumes are small in comparison to the failures that take place in 
other submarine settings, the Brunei Slide is the largest known landslide associated with 
an active river and delta – approximately 1200 km3 of material was displaced and 
redeposited over an area of approximately 5300 km2, and the slump mass was up to 
approximately 240 m thick (Gee et al. 2007). In addition to the preconditioning factors 
associated with such a setting, it is also believed that gas hydrates were present and 
potentially played a role in destabilising the sediment column. The initial failure is 
believed to be the collapse of an anticline ridge (Gee et al. 2007).  
Storegga Slides 
Setting: open continental slope, fjord 
Probable cause/s of failure: rapid sedimentation, seismicity caused by isostatic rebound  
The series of three Storegga Slides took place offshore from north-western Norway 
(Figure 2.29). Local continental slopes were weakly-inclined at 0.5–2° (Masson et al. 
2006), closely correlated with the geometry of failure planes (thus characterising these 
failures as translational slides). The Storegga Slides have been interpreted as a series of 
three related failures that were initiated between 30–50 ka (Puzrin et al. 2010) (Figure 
2.30). The first event involved the movement of over 3000 km3 of material over an area 
of 44,000 km2 with a slide velocity of 25–30 m/s and a run-out distance of 350–400 km 
from the headwall (Masson et al. 2006, Gee et al. 2007, Puzrin et al. 2010). The second 
failure, believed to be directly spatially retrogressive from the first, took place at around 
8.2 ka, mobilising a volume of about 3100 km3, and achieved a run-out distance of ~750 
km. The third and final failure was in turn retrogressive to the second failure (Masson et 
al. 2006, Lee 2009, Puzrin et al. 2010).  
The failure conditions involved a combination of one or more weak layers (in this case 
composed of marine clays and contourites) and the build-up of excess pore water 
pressure, coupled with regional isostatic uplift following deglaciation, which could have 
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resulted in a periodic increase of seismic activity (Masson et al. 2006, Gee et al. 2007, Lee 
2009). Gas hydrate dissociation might have played a part in the destabilisation of the 
remainder of the sediment pile (Sultan et al. 2004, Masson et al. 2006). 
 
Figure 2.29. Bathymetric map of the southern Norwegian Sea and associated continental margin showing the 
outline of the material deposited by the three Storegga Slides, offshore northwestern Norway. The shaded arrows 
are vector representations of maximum current velocity. The inset shows a scale of the spatial extent of the Slide 
(black) relative to the Norwegian-Greenland Sea (Haflidason et al. 2005). 
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Figure 2.30. A series of schematic diagrams illustrating the major developmental phases of the Storegga Slide, 
including the pre-slide scenario during the Last Glacial Maximum (top left) (Haflidason et al. 2004). The phases 
decrease in size (i.e. volume involved) over time, and appear to be retrogressive. Darker shading indicates more 
youthful lobes in each figure. 
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Canary Islands Slides 
Setting: volcanic island arc 
Probable cause/s of failure: oversteepening of slopes, weak layers 
Many landslides are associated with volcanic activity, as magmatism is known to cause 
ground deformation, increasing the gradients of the volcanic flanks, and inducing local 
seismicity. One such case is the series of failures that occurred on the flanks of the 
Canary Islands (Figure 2.31). The islands were formed by the Canary hotspot offshore 
north-western Africa. The majority of landslides here are associated with the three 
youngest (and most volcanically active) islands: Tenerife, La Palma and El Hierro (Figure 
2.32), suggesting that landslides played a key role in the morphological evolution of these 
islands (Masson et al. 2006), as they probably do for most oceanic volcanoes around the 
world (Moores et al. 1989, Goff & Chagué-Goff 2014). 
Based on sediment core records, the recurrence interval of slope failures on the Canary 
Islands averages 50–100 ka (Gee et al. 2001, Masson et al. 2002); two turbidites have 
been sampled and dated at ~15 ka (marking the age of the most recent known failure, 
which took place on El Hierro) and 170 ka (which took place on Tenerife) (Masson et al. 
2006), and their stepped grading profile suggests that these failure events occurred in 
multiple stages. Further supporting evidence is the retrogressive sequence of the failures 
(Masson et al. 2006). The failures occur in water depths of 3000–4000 m, on slopes with 
inclinations of less than 5°, and are capable of mobilising 50–200 km3 of material 
(Masson et al. 2006). Models have suggested that the velocity of the failed mass can reach 
a peak of 100 m/s after 2 minutes (corresponding with an acceleration of just under 1 
m/s2), which in turn are estimated to generate tsunamis with initial heights of up to 900 
m (Masson et al. 2006). These results highlight the potentially catastrophic nature of these 
failures. 
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Figure 2.31. Map showing location of the Canary Islands (black) and their associated landslide deposits. The greater 
area of deposition by debris flows is due to its being more disintegrative than debris avalanches, which deposit 
locally (Masson et al. 2002). 
 
Figure 2.32. Location and ages (in brackets) of large landslides on the western Canary Islands (areas above sea level 
shown in brown). Numbers indicate most probable ages (in ka) of the failure deposits (after Masson et al. 2006). 
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Grand Banks Slide 
Setting: open continental slope 
Probable cause/s of failure: earthquake, overpressured, fine grained sediments 
The Grand Banks Slide, which took place in 1929, probably provides the best-
documented real-time data on turbidity current velocities (Coleman & Prior 1988). The 
failure occurred after an earthquake of M7.2 struck offshore Newfoundland (highlighting 
the possibility of a large earthquake taking place on a continental margin considered to be 
tectonically-passive), triggering a landslide which in turn generated a tsunami; a single tide 
gauge record of good quality, located in Halifax, recorded the first height of the first 
wave crest to be approximately 0.6 m, with subsequent crests reaching a maximum height 
of 2.5 m (Fine et al. 2005). This tsunami was observed both along the eastern margin of 
North America and on the shore of Portugal (Figure 2.33) (Fine et al. 2005). The failure 
mobilised approximately 20,000 km2 of upper continental slope, displacing an estimated 
volume of 200 km3 of material. It evolved into a turbidity current that travelled eastward 
at speeds of up to 80 km/h, with the failed sediments travelling up to 500 km across the 
abyssal plain before being deposited as a 1 m-thick turbidite (Lee 2009), almost 600 km 
from the earthquake epicentre (Hampton et al. 1996, Fine et al. 2005). These speeds were 
conveniently recorded when a series of twelve submarine telegraph cables broke in 
sequence under the force of the turbidity current over a span of four hours (Fine et al. 
2005). 
While the earthquake was the ultimate trigger for the landslide, the slope material had 
been preconditioned for failure: in this location, the slopes are a part of a deep-sea fan 
associated with the Saint Lawrence River, which delivers sediments of riverine and 
glacigenic origin to the Grand Banks slopes (Fine et al. 2005, Masson et al. 2006). These 
sediments are fine-grained and almost certainly saturated and therefore sensitive to pore 
pressure build-up and subsequent liquefaction when exposed to the strong groundshake 
of the earthquake (Hampton et al. 1996).  
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Figure 2.33. Map of the North Atlantic Ocean showing the location of the epicentre of the Grand Banks 
earthquake (black star), and sites where the subsequent tsunami was reported by eyewitness (black circles) and tide 
gauge (black triangles) records (Fine et al. 2005). 
 
2.2.5. Societal Impacts of Submarine Landslides  
As illustrated in the global case studies, submarine mass failures involve the movement of 
large volumes of sediment and significant magnitudes of seafloor deformation (as both a 
cause and an effect of mass movement). Consequently, a volume of sea water is displaced 
equivalent to the volume of the displaced sediments and rocks. Under the right 
conditions – a significant vertical displacement (e.g. from normal or reverse faulting), 
mobilising a large volume of material, the failed mass travelling at high velocity (Ward 
2001, Masson et al. 2006) – these processes have the potential to produce tsunamis. 
Table 2.3 summarises the most destructive landslide tsunamis witnessed in the recent 
decades.  
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Table 2.3. A summary of landslide tsunamis with eye-witness reports of maximum local run-up heights (altitude 
reached at the tsunami’s furthest inland extent). The events are ordered by date. 
Location Date 
Maximum Run-up 
Height Reported 
Reference 
Grand Banks,  
Canada 
18 November 
1929 
13 m Fine et al. 2005 
Prince William Sound,  
USA (Alaska) 
27 March  
1964 
12 m Parsons et al. 2014 
Nice,  
France 
16 October   
1979 
3.5 m 
Assier-Rzadkiewicz et 
al. 2000 
Aitape,  
Papua New Guinea 
17 July 
1998 
<10 m Davies et al. 2001 
Indian Ocean 
26 December 
2004 
30 m Grilli et al. 2007 
Tōhoku,  
Japan 
11 March  
2011 
40.1 m Grilli et al. 2013 
 
These events spurred great concern and interest in landslide tsunami hazard assessment 
worldwide (Bardet et al. 2003) – not only in areas where tsunamis and their triggers are 
known to be prevalent, but also where landslide tsunamis are inferred to have occurred in 
geological history (from e.g. bathymetry, sedimentary records). Studies by Clarke et al. 
(2014) based on landslide scars on the upper slope of the EACM have suggested that 
potential tsunamis on the eastern Australian coast could reach a maximum run-up height 
of 5 m and inundate a maximum distance of 1 km inland from the shoreline.  
Furthermore, the tsunamigenic forces of a landslide can superimpose upon those of an 
earthquake, complicating tsunami modelling and confounding early warning systems 
(Masson et al. 2006). The three most recent tsunami disasters listed in Table 2.3: the 
Aitape 1998 tsunami, the Indian Ocean 2004 tsunami, and the Tōhoku 2011 tsunami, are 
all believed to have components of both earthquake and landslide triggers, where the 
initial earthquake offset the bedrock and destabilised the submarine sediment column, 
and the subsequent landslide added to the tsunami wave (Davies et al. 2001, Kawamura 
et al. 2012, Grilli et al. 2013). Investigations have determined that landslide tsunamis have 
a signature that differentiates them from earthquake tsunamis: the former have a 
relatively large run-up close to the site of initial failure, but do not propagate as far due to 
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their shorter wavelength and thus more rapid energy dissipation – in other words, they 
present more dramatic coastal amplification, but are also more susceptible to radial 
damping. Summarily, landslide tsunamis have greater local impacts, but smaller distal 
effects compared with earthquake tsunamis (Bardet et al. 2003, Masson et al. 2006).  
As previously mentioned in Section 2.2.1, aside from the most destructive disaster of a 
tsunami, other notable, potentially disastrous consequences of submarine landslides are 
the destruction of seabed infrastructure such as submarine network cables (e.g. 1992 
Grand Banks) (Hampton et al. 1996, Fine et al. 2005) and oil platforms (Hampton et al. 
1996), and subsidence or collapse of coastal areas due to pore water pressure fluctuations 
or failure retrogression, such as that which happened in Norway (Hampton et al. 1996, 
Masson et al. 2006; c.f. case study in Rissa by Lee et al. 2007).  
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2.3. Submarine Mass Failures on the EACM 
Having reviewed the existing knowledge of global submarine failure, the following 
section focuses on the local context in eastern Australia, applying the information and 
definitions presented to describe the study area of this thesis.  
 
2.3.1. Study Area: Defining the EACM  
The study area is a segment of the continental slope offshore from eastern Australia, 
stretching from Fraser Island at its northern extent to Yamba at its southern extent. This 
segment measures approximately 450 km, is relatively narrow, steep, sediment deficient 
(Jenkins & Keene 1992, Boyd et al. 2010), and primarily erosive. The continental slope 
segment flanks the Tasman Sea, which is in turn open to the Southern Ocean (Figure 
2.34).  
The Australian mainland is situated within a tectonic plate, with the majority of its 
coastline located far from tectonic margins (with the exception of northwestern 
Australia); as earthquake shaking has been shown to be the most likely trigger for 
submarine landslides (Masson et al. 2006), landslides are therefore not considered to be 
one of the main hazards to which the EACM is exposed. However, remote sensing data 
have shown that the continental slope offshore from eastern Australia is marked by 
ubiquitous landslide scarps and canyon incisions (Boyd et al. 2010).  
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The EACM is perplexing in that it is 
not a typical setting which one would 
associate with plate boundary hazards 
of earthquakes and tsunamis, but it 
does feature steep slopes and an 
inclined seafloor, from the list of 
characteristics that define mass failure-
prone environments (see Section 
2.2.4.5).  
The EACM in this region has an 
average width of 50 km. The shelf 
break is developed at approximately 
150 water depth and the abyssal plain 
commences at approximately 4500 m. 
The continental slope has average 
gradients of 2.8–8.5° (Boyd et al. 2010, 
Hubble et al. 2012). The middle slope– 
between approximately 1500 m and 
3500 m water depth – is 
morphologically dominated by the 
failure scars of slides, slumps, as well 
as linear and box canyons (Hubble et 
al. 2012). These failure features vary 
greatly in estimated volume: smaller, 
shallow-seated slides displace less than 
0.5 km3 of sediments, while rarer, 
larger failures are capable of mobilising 
up to 20 km3 of sediments (Boyd et al. 
2010, Hubble et al. 2012).  
  Figure 2.34. The study area along the EACM, 
offshore northern NSW and southern QLD, in 
water depths of 150-4500 m. Major coastal cities 
(black labels) are indicated for reference. 
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One of the foci of this thesis is submarine canyons and how they contribute to the 
margin’s submarine mass transport processes. Submarine canyons act as major conduits 
to accommodate movements of material from the continental shelf or slope to the 
abyssal plain (Lee 2005). Material moving through these channels can cause sediments to 
be eroded from the canyon walls and added to the flowing mass (discussed in Section 
4.4.5.4). The outputs of these systems are much more energetic and erosive than if they 
had not been funnelled through the canyon (Mitchell et al. 2007, Puga-Bernabéu et al. 
2011, 2013), and over time canyons can deeply and frequently incise the continental 
slope, making it increasingly vulnerable to continued failure.  
Huang et al. (2014) documented a total of 713 canyons along the margins of Australia, 
and found that 87% of these are slope-confined, blind canyons (c.f. Section 2.2.2.2) that 
may or may not incise the continental shelf but are not connected to modern river 
systems. They interpreted this to indicate that slope failure processes are the dominant 
factor in sculpting the continental slopes around Australia (Huang et al. 2014). 
Between the major canyon systems, the intercanyon slopes are relatively intact. By their 
appearance alone, it would seem unlikely that failures would take place here – the slopes 
are shallow (<5°), mostly disconnected from onshore river systems, and subjected to very 
low sedimentation rates (Jenkins & Keene 1992, Boyd et al. 2010). Yet bathymetric 
images clearly show that while they are not as large-scale and morphologically impressive 
as the intracanyon failures, there are nevertheless sizable failures (up to 20 km3 in volume, 
usually translational slides) evident on the intercanyon slopes (Clarke et al. 2014).  
 
2.3.2. Geological Context: Antarctica, Australasia, and the 
Tasman Sea 
In this thesis, the EACM is defined as the length of continental margin that flanks the 
western region of the Tasman Sea, stretching from southern QLD (24°38’S) to the 
Victorian coast (50°55′S). Tectonically, it is a stable passive continental margin, over 2000 
km distant from the nearest active plate boundary. The continental slope is 20–70 km 
wide with regional gradients of 3–8° (Boyd et al. 2010) and local gradients (especially in 
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canyon areas) as high as 30°. The EACM is relatively narrow and steep in comparison 
with global passive margins (88 km wide on average, according to Harris et al. 2014). The 
abyssal plain is at depths of 4500–4800 m in the Tasman Sea. The hard rock basement 
beneath the shelf and slope mirrors the adjacent onshore basement in terms of its 
lithologies, being primarily composed of Palaeozoic and Mesozoic sedimentary rocks or 
Palaeozoic granites and greenschist facies metamorphic rocks (Hubble et al. 1992, 
Packham & Hubble 2016). The middle slope (~1500–3500 m water depth) comprises 
ubiquitous mass transport features, from small slides that involved volumes of less than 
0.5 m3, to larger failure scars of cohesive slumps capable of displacing up to 20 km3 of 
sediment (Boyd et al. 2010, Hubble et al. 2012), as well as canyons of various 
morphologies and maturities.  
The margin is thinly-sedimented and is considered to be sediment-deficient (Jenkins & 
Keene 1992) – the average sedimentation rate is 0.1 m/ka since the Late Quaternary 
(Troedson & Davies 2001), predominantly from hemipelagic deposition with little 
riverine input (Boyd et al. 2004). For similar time periods, Clarke et al. (2014) calculated 
rates of 0.02–0.12 m/ka for northern NSW, and Packham (1983) recorded modern 
sedimentation rates of 0.05–0.16 m/ka and Miocene-to-Pleistocene sedimentation rates 
of 0.03–0.05 m/ka in southern NSW. These results are comparable with those of other 
sediment-starved (<1 m/ka) margins (Urlaub et al. 2013), such as the northwest African 
margin (0.005–0.04 m/ka; Meyer et al. 2012). This thesis will assume the sedimentation 
rate throughout the EACM as 0.1 m/ka.  
The EACM is morphologically restricted: toward the north, the continental slope is 
blocked landwards by ribbon reefs, and the continental margin is notably wider (Keene et 
al. 2008). Various morphologies of the shelf and slope are present along the margin, 
described in the Section 2.3.3.1 in order from least to most eroded.  
 
Yu (2018)  Literature Review 
62 
Figure 2.35. Various models for crustal extension at passive margins: by (A) 
brittle deformation of the upper crust and elastic deformation of the lower 
crust and upper mantle, (B) faulting of the entire lithosphere, or (C) de-
lamination and faulting within the crust and upper mantle. A margin may 
exhibit a combination of these (after Lister et al. 1986). 
 
2.3.2.1. Tectonics, Climate and Oceanography  
Despite its current 
passivity, throughout its 
history the EACM has 
experienced a range of 
tectonic processes, 
including crustal thinning, 
normal faulting/rifting, 
and basin subsidence 
(Falvey & Mutter 1981, 
Hill 1992, Boyd et al. 
2010). According to the 
model proposed by Lister 
et al. (1986), the initiation 
of a passive margin begins 
with crustal extension, at 
the limit of which results 
in continental breakup, the 
formation of an ocean 
basin, and the establish-
ment of a passive margin 
(Figure 2.35). The following section will describe a sequence of key events through which 
the Australian continent and its margins developed over geological time, with respect to 
tectonics, climate, oceanography and their inextricable interrelationship. A timeline of 
this is presented summarily in Table 2.4.    
Pre-Cretaceous (140-100 Ma): Before 33.5 Ma, the Australian Plate was in a continuous 
process of separation from the Antarctic Plate (Exon et al. 2004, Potter & Szatmari 
2009). This began as early as 140 Ma, when the supercontinent of Pangea first started to 
break up (Whittaker et al. 2008) (Figure 2.36). The subsequent division of the Gondwana 
Supercontinent took place approximately 100 Ma, leading to the closing of the Tethys 
Ocean and the opening of the Atlantic and Indian Oceans (Nance et al. 1988).  
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Figure 2.36. Gravity grid images of the progressive separation of Antarctica (AN) and Australia (AU), and 
equivalent opening of the Southern Ocean. Antarctica is used as a static point of reference (data source: Seton et al. 
2012, figure produced by me). 
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Cretaceous: The opening of the Tasman Basin was the most significant regional event 
that initiated the formation of the EACM, and it took place throughout the Late 
Cretaceous and Early Tertiary, initiating at about 90 Ma (Gaina et al. 1998, Boyd et al. 
2004). Seafloor spreading was active between 67.7-52 Ma (Keene et al. 2008), during 
which the Lord Howe Rise and western parts of New Zealand rifted from the eastern 
Australian mainland (Hill 1992, Gaina et al. 1998, Exon et al. 2004, Boyd et al. 2004) 
(Figure 2.37). 
 
Figure 2.37. Gravity grid images of the history of the opening of the Tasman Sea showing the separation of the 
Lord Howe Rise from the Australian mainland (AU) (after Gaina et al. 1998). 
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Oligocene: Uplift of southeastern Australia from the Eocene until the Pliocene 
(Dickinson et al. 2002, Holdgate et al. 2008) and collision with Eurasia throughout the 
Oligocene epoch (33.9-23 Ma) (Potter & Szatmari 2009)caused a shift in seismic climate 
for the entire Australian continent. The Drake Passage opened at 41 Ma as the South 
American continent separated from Antarctica (Potter & Szatmari 2009). As Antarctica 
became tectonically- and thermally-isolated, the Antarctic Circumpolar Current (ACC) 
was initiated (Barker et al. 2007). This sequence of events led to global climatic and 
oceanic reorganisation, in particular the formation of Antarctic icecaps and the inception 
of deep currents, which would have a major influence over the morphological 
development of continental margins (Hill 1992, Exon et al. 2004). At the Eocene-
Oligocene boundary (33.9 Ma), the Tasmanian Gateway was opened between Australia 
and Antarctica, and the Southern Ocean, as a connected circum-Antarctic feature, was 
formed (Potter & Szatmari 2009). 
Australia’s continued northward drift throughout the Oligocene resulted in the changing 
climatic and oceanographic conditions of Antarctica, producing a positive feedback 
system that allowed the Antarctic icesheet to expand (Exon et al. 2004, Potter & Szatmari 
2009). At approximately 30 Ma, global sea levels reached a lowstand (Jenkins & Keene 
1992), with sea level at least 75–125 m (Lincoln & Schlanger 1987, based on isotopic 
data) and possibly more than 180 m below present level (Pigram et al. 1993, based on 
reefal growth records) as a result of the glaciation of Antarctica. The Australian 
continent, now completely isolated, experienced rapid subsidence at its southern margins 
– those associated with Tasmania, the South Tasmanian Rise, and the East Tasman 
Plateau (Exon et al. 2004). 
Miocene: The Miocene (23–5.3 Ma) was a period of persistent cooling, as global climate 
converted from warm greenhouse conditions to increasingly cool icehouse conditions 
(Flower & Kennett 1994). By this time, the arrangement of the major landmasses was 
similar to that of the present day; however, it is suggested that tectonic events still played 
an active part in the intensification of global climate change: increased heat flow from the 
Pacific and African Superplumes might have been responsible for driving climatic shifts, 
and the Eurasian and Andean-Cordilleran orogenic belts were activated/reactivated 
during this time (Potter & Szatmari 2009). At approximately 23 Ma, the collision of the 
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Indian and Eurasian Plates led to an increase in forces resisting seafloor spreading in the 
Southern Ocean, indirectly shifting Australia’s seismic climate (Dyksterhuis & Müller 
2008). By the Middle Miocene (13–17 Ma), the aforementioned icehouse conditions 
resulted in a decrease of global ocean temperatures by 4–6 °C, leading to accelerated 
continental glaciation and the expansion of the Antarctic icecap, at about 14 Ma, marking 
the Middle Miocene Disruption (MMD) (Potter & Szatmari 2009). In response to 
accelerated glaciation, sea levels fell dramatically.  
A penecontemporaneous uplift of southeastern Australia was initiated by a shift in 
tectonic dynamics of the Australian Plate from 12 Ma onwards; uplift reached its peak at 
the Miocene-Pliocene boundary (~5 Ma) (Dickinson et al. 2002, Holdgate et al. 2008). 
Tectonic activity caused an increase of continental relief, and subsequently accelerated 
and intensified sedimentary processes on the continent.  
Pliocene: During the Pliocene epoch (5.3–2.58 Ma), with low sea levels due to both 
isostatic and eustatic changes, the Isthmus of Panama was exposed and eventually closed 
at 3–3.5 Ma (Schnitker 1980, Potter & Szatmari 2009), terminating the circum-Equatorial 
flow of oceanic currents. By this time, the glaciation of Antarctica was well-established, 
forming polynyas and creating sources of cold, deep Antarctic Bottom Water (ABW). 
Such a water body has a typical temperature of ~-0.4°C and salinity of ~34.6‰ (Foster & 
Carmack 1976), moving as contour currents along the continental slope under the 
influence of the Coriolis Force (Foster & Carmack 1976), and migrating north towards 
the equatorial regions according to thermal gradients (Fukamachi et al. 2010).  
With this system, the thermohaline ‘conveyor belt’ system as we know it today was fully 
established (Exon et al. 2004). Following the closing of the Isthmus of Panama, the 
northern hemisphere experienced intense and widespread glaciation (Schnitker 1980, 
Potter & Szatmari 2009). 
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Table 2.4. Summary table listing the major tectonic, climatic and oceanographic events that give way to the current 
morphology of the EACM. 
Period/ 
Epoch 
Year 
(Ma) 
Tectonic/Climatic/Oceanographic Events 
Pre-
Cretaceous 
140 
Pangea breakup commences 
Australia begins to separate from Antarctica 
100 
Gondwana breakup commences 
(First) Tethys Ocean closes 
Atlantic Ocean and Indian Ocean open 
Cretaceous 
90 Tasman Basin opening commences 
65–43 
Seafloor spreading continues in the Tasman Sea 
Lord Howe Rise separates from mainland Australia 
Oligocene 
41 
South America separates from Antarctica, Drake Passage opens 
Antarctica thermally isolated  
ACC initiated  
33.5 
Tasmanian Gateway opens  
Formation of Southern Ocean 
30 
Southern Australian margins subside rapidly during sea level 
lowstand 
Miocene 
23 
Persistent cooling, global icehouse condition 
Australian Plate experiences intensification of seismic stress 
Continents drift approximately to present positions  
17–13 
Accelerating glaciation (MMD) and resultant sea level lowstand 
Uplift of southeastern Australian peaks, sedimentary processes 
accelerate  
Pliocene 3.5–3 
Isthmus of Panama closes 
Circum-Equatorial flow of ocean currents terminates 
Modern thermohaline conveyor belt established  
Northern hemisphere experiences intense glaciation 
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2.3.2.2. Continental Margin Formation and Development  
The previous section summarises the major events in the geological history that shape the 
EACM on a larger scale; however, the EACM has additionally experienced localised and 
more intricate events than those described previously.  
Regional tectonic rifting and crustal thinning that led to the opening of the Tasman Sea 
commenced during the Cretaceous, between 90 Ma and 65 Ma (Jenkins & Keene 1992, 
Exon et al. 2004, Boyd et al. 2010); this initial rifting dictated the general shape and 
orientation of the margin (Keene et al. 2008), which was completely formed by 65 Ma, 
though seafloor spreading continued (Boyd et al. 2010). Since then, sedimentation rates 
have been low; Boyd et al. (2010) reported outcrop of Paleozoic rocks belonging to the 
Lachlan Orogen (450–340 Ma) on the middle slope, adjacent to intrusive igneous rocks 
that were emplaced during rifting in the Mesozoic and Cenozoic. Hubble et al. (1992) 
documented the presence of granitic and monzonitic rocks at the toe of the continental 
slope also interpreted them to be associated with the Lachlan Orogen (Figure 2.38). 
Seafloor spreading from Late Cretaceous to Early Eocene was responsible for producing 
the basaltic ocean basement, which subsequently generated morphological macrofeatures 
on the seafloor. Hot spot activity was responsible for the more recent volcanic material in 
the area (Keene et al. 2008). 
Aside from the immediate complete separation from the Antarctic continent, Australia’s 
margins have experienced relatively little subsidence (Boyd et al. 2004). This, along with 
the observation of low sedimentation rates, suggest that Lister et al.’s (1986) model 
(Figure 2.35) involving lower plate removal (from the Lord Howe Rise as it rifted from 
the mainland), upper plate retention (as the Australian mainland), with magmatism 
underplating this process provides the best fit for this region (Boyd et al. 2004).  
The height of the Pleistocene glaciation saw a sea level lowstand of around 120 m, with 
the shoreline located at what is currently the continental shelf break in this thesis’ study 
area (Boyd et al. 2010). The coastal hinterland immediately onshore from the southern 
EACM consists of Middle to Late Paleozoic igneous and metamorphic rocks associated 
with the Lachlan and New England Fold Belts, transacted by rivers characterised by small 
catchments, short lengths, and low sediment loads, with heads initiating in the Great 
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Dividing Range and draining eastwards into the Tasman Sea (Boyd et al. 2010). These 
features provide the setting for the low sedimentation rate and the post-breakup 
sedimentation sequence present on the margin.  
 
Figure 2.38. Multi-channel seismic reflection line located due east of Yamba (near the southern extent of the study 
area) showing the typical characteristics of the east Australian margin in NSW and southern QLD: (a) clean and (b) 
interpreted. (c) Line drawing shows interpretation of the section (Clarke et al. 2016).  
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2.3.3. Local Mass Failures on the Continental Margin 
While the overall shape, orientation, and position of major features of the EACM were 
determined by tectonic history, and the continental shelf was shaped by sedimentary 
processes, it is through mass failures (and canyon processes) that the continental slope 
was sculpted and modified (Keene et al. 2008). Australian records of submarine mass 
failure dating back to the Miocene can be found in the Capricorn Basin, to the north of 
and adjacent to the study area investigated (Keene et al. 2008, Fletcher 2015); in the 
Tasman Sea, a large slump mass (no less than 15 km in length, and 0.5 km in thickness) 
has been found on the lower continental slope to the southeast of Fraser Island, 
attributed to have failed due to the effects of sea level fall (Hill 1992). Therefore, 
considering regional coherence of sediment composition and slope morphology, it is 
possible that such events have also taken place further south along the EACM during this 
time.  
During a research cruise (SS2008-V12), Boyd et al. (2009) found evidence of mass failure 
south of the Capricorn Basin and in the northern region of the Tasman Basin, along the 
EACM (Figure 2.39). A number of failure and erosive features were categorised, 
including slab slides, debris flows, box and linear canyons, carbonate platform slides, 
plunge pools, and pock marks (Figure 2.40). These features will be described and 
discussed in Section 2.3.3.1. 
Jenkins & Keene (1992) described a major acoustic reflector, interpreted as an erosional 
unconformity, present in the continental slope sequence offshore of Sydney (Figure 
2.41). It has been proposed that this reflector represents a failure event that was formed 
during the sea level lowstand at ~30 Ma, which suggests a possible mechanism for the 
failure documented by Boyd et al. (2009), i.e. the Oligocene marine erosion event had a 
margin-wide regional effect, possibly eroding the lower slope, and subsequently 
destabilising the sediment column further upslope (Hill 1992).  
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Figure 2.39. The EACM with steeply-rifted, often canyon-incised regions, and occasional wide areas of intercanyon slope, referred as plateaus (Boyd et al. 2010). Major coastal 
cities are included for reference. Depths are in metres. 
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Figure 2.40. Examples of morphological features on the margin immediately south of this thesis’ study area, 
showing linear canyons incising into deltas on the upper slope (pink-coloured regions), retrogressive box canyons 
(green-coloured regions), a pockmark and a thick translational slide (labelled as ‘crown scarp of slab slides’). An 
across-slope profile of the linear canyons in the upper slope (white) is shown in the inset (Boyd et al. 2010).  
 
 
Figure 2.41. Slope failure structures offshore of Sydney (34°30'S). Reflector mC (marked in red, with the sequences 
above in orange) appears to represent a sea-level lowstand during the Oligocene. Depth in two-way travel time (after 
Jenkins & Keene 1992). 
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2.3.3.1. Geomorphology 
Despite being exposed to the same regional forces and conditions, local oceanographic 
and sedimentary differences have produced a variety of morphological features along the 
EACM. The following are some large morphological features present along the EACM, 
listed from least to most eroded. In this section, certain notable features in the study area 
will be named, for consistency and convenience throughout the thesis from this point 
forward.  
Plateaus: Submarine plateaus are defined as features that are flat, expansive, and of 
relatively high relief located along the continental margin. Unlike their terrestrial 
counterparts, however, they are not necessarily a result of tectonic uplift.  
In the thesis’ study area there are two such plateaus – one in approximately the middle of 
the area, and another at its southern extent (refer to Figure 2.39). These present the most 
intact sections of the continental slope in the study area, having undergone minimal 
incision (Boyd et al. 2010, Harris et al. 2014, Keene et al. 2008). The locations of these 
plateaus are suggested to be controlled by subsurface geology, for example, the geometry 
of bedrock that may be present at depth, which makes these segments of the margin 
more resilient to failure and erosion than others (Clarke 2015).  
Note that unlike terrestrial plateaus e.g. the Tibetan Plateau, they are termed according to 
their appearance as relatively smooth areas of low-relief or planar, but sloping segments 
of the slope. The gradient of the continental slope is lowest on plateaus, and the mass 
transport processes that occur upon them are limited to relatively small and shallow-
seated translational slides (Boyd et al. 2010, Keene et al. 2008). Unlike more extensively-
incised slopes, which are usually about 20 km wide from the shelf break to the abyssal 
plain on the EACM, these plateaus can be up to 70–80 km wide.  
Two good examples of the plateaus present in the study area were defined and described 
by Boyd et al. (2010); they are the Nerang Plateau (Figure 2.42), which is located offshore 
Stradbroke Island to Tweed Heads, and the less extensive Yuraygir Plateau (see Figure 
2.39), which extends beyond the southern limit of this thesis’ study area. The Nerang 
Plateau divides the study area into two sections, which will be referred as the northern 
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canyon zone (NCZ) (bounded by Fraser Slopes to the north), and southern canyon zone 
(SCZ) (bounded by Yuraygir Plateau to the south).  
 
Figure 2.42. Bathymetric image of the Nerang Plateau, located in the centre of the EACM study area, offshore 
Gold Coast. It is flanked by canyons on both northern and southern extents. 
Slope Failures: These features mark the earliest stage of slope incision, but may be 
formed by different processes (Keene et al. 2008, Harris et al. 2014). Sediments between 
and within canyons can be transported in relatively small volumes by ocean currents, or 
may be mobilised in larger volumes when the slopes fail. These slope failures take many 
forms as they travel downslope under gravity, from intact blocks of debris collapsing 
from steep canyon walls, to liquefied material flowing as a disintegrated, fluid mass 
(turbidity currents). The failure scars – the surfaces upon which the sediments were 
mobilised and displaced – take two main forms: as thin, flat, slope-parallel slabs 
(translational slides), or as thicker ‘scoops’ that leave behind concave excavations 
(rotational slumps). Failures that occur in shallow water, close to shore, and/or mobilise 
thick masses of sediment, have the potential to generate tsunamis. 
On the EACM, shallow-seated translational slides are common on the upper slope, 
whereas larger, more deeply-seated rotational slumps are usually found on the middle or 
lower slopes (Jenkins & Keene 1992). The initial failure may extend both seaward 
(through downslope scouring by the failed sediment mass) and landward (through 
retrogressive destabilisation and failure), as well as laterally, to widen the channel 
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Figure 2.43. Bathymetric image of Byron Canyon 
(Chapter 6), with a sampling location indicated in the 
uppermost failure (Byron Slide). 
 
(discussed in Section 4.5.5). Over time, these channels tend to extend in depth, width, 
length, and sinuosity, and may develop into canyon systems.  
A few such features exist on the EACM: 
Byron Slide (Figure 2.43), which spans the 
upper slope to the abyssal plain, and 
serves as a major conduit for mass 
transport.  
Canyons: Between the plateaus, the 
EACM is heavily dissected, and canyons 
of various degrees of incision and maturity 
are present along its entire length. Some 
of these incise the upper slope, while 
others initiate on the middle slope and 
have no apparent connection to shelfal 
processes. Many of the upper-slope-
incising canyons exhibit a dendritic pattern 
at their heads, which has been interpreted 
as a feature indicating downslope funnelling of shelfal sediments (Harris et al. 2014). As 
such, canyons act as conduits that focus downslope sediment transport, and are the most 
prominent erosive morphological features along the margin. They display a range of 
morphologies along the EACM, with more laterally-extensive ‘box canyons’ found in the 
southern half of the study area, whereas canyons in the north tend to be more linear in 
morphology.  
A slide scar that spans part of or the entire slope is more likely to serve as initiate 
channels for downslope sediment flow, than intact slopes that have not experienced 
failure. As material is transported down the incipient channel, the flow of the sediment-
water mixture is supplemented by material eroded from the adjacent canyon walls 
(Section 4.4.5.4), increasing its erosivity and giving way to the formation of more 
expansive and complex canyon systems.  
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While the position and distribution of 
canyons are largely determined by 
tectonic and internal lithological factors 
(Keene et al. 2008), their morphology is 
highly variable. As canyon systems 
mature, they are thought to develop 
both progressively (prograding) and 
retrogressively (retrograding) (Lee et al. 
2007, Clarke et al. 2011). A canyon 
channel’s cross-section is also suggested 
to evolve from a v-shaped geometry 
(similar to terrestrial rivers) to that of a 
u-shape as the canyon floor widens and 
the slopes on either side steepen (Harris 
& Whiteway 2011). The head of the 
canyon may incise further landward, 
usually in a dendritic pattern, which may 
develop new tributaries, and thereby 
access sediment from a wider area 
(Harris & Whiteway 2011). The upper 
slope morphology of canyons is also 
closely related to the amount of riverine 
input directly onshore (Harris et al. 
2014), the presence of reef platforms 
(Puga-Bernabéu et al. 2011) and the 
position and geometry of underlying 
bedrock (Boyd et al. 2004). The floors of 
canyons usually do not incise into the 
adjacent abyssal plain.  
 
 
Figure 2.44. This thesis’ study area (as per Figure 
2.34), with canyon zones (white dashed lines) and the 
four case studies (black dashed lines) as indicated: (A)  
Wide Bay Canyon System, (B) Maroochydore Slopes, (C) Tweed and Byron Canyon Systems, and (D) Clarence 
Canyon Debris Field. Study areas of Fletcher (2015, green dashed lines) and Clarke et al. (2011, 2012, 2014, 2016, 
cyan dashed lines) are also indicated.  
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Figure 2.45. Bathymetric images of (A) Wide Bay Canyon, (B) Barwon Canyon, (C) Tweed and Byron Canyons, 
and (D) Clarence Canyon, with extents indicated by white dashed lines. Black dots indicate sampling locations.  
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There are no less than eleven canyons in the study area, which present a wide range of 
features. This thesis will focus on the morphology of four representative canyon systems 
(two from the NCZ and two from the SCZ) (Figure 2.45): Wide Bay Canyon contains 
laterally-extensive translational slides that traverse the entire range of depths on the 
continental slope (Chapter 4), various pseudo-canyons and semicircular/parabolic 
headscarps on the middle slope of the Maroochydore Slopes (Chapter 5), Tweed Canyon, 
with relatively intact adjacent slopes that hold a record of incision in their biostratigraphy 
(Figure 2.45) (Chapter 6), and Clarence Canyon, which presents what appears to be the 
remnant of intact failures on its wide, open canyon floor (Chapter 7) (Figure 2.45). 
Incised slopes: Generally, the more eroded the continental slope, the more likely it is to 
be destabilised due to local oversteepening and loss of support from adjacent sediments. 
Over time, a continental margin can become so incised with erosive features that none of 
the original slope bathymetry can be identified; instead, the slope is riddled with incisions 
that give way to a highly dissected landscape that is steep and rough. This kind of 
landscape is believed to have developed from the top down, with high sedimentation rate 
as the factor that directly controls the incisions and resultant morphology (Harris et al. 
2014). No distinctive slide or individual canyon system can be easily identified, as they 
have intersected and interacted with each other. Another possibility is that the entire 
lateral extent of the incised area has failed in a single event, or in a rapid sequence of 
successive events (Fletcher 2015).   
 
Figure 2.46. Bathymetric image of the continental slope offshore Fraser Island. While its adjacent slopes are also 
eroded, these slopes of the Fraser Canyon complex have incised far into the shelf break and are blocked by older 
reef complexes. 
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2.3.3.2. Sedimentology 
The sedimentary characteristics of the EACM are documented in most detail on the 
continental shelf: its sedimentary sequence is dominated by terrigenous siliceous sand on 
the inner shelf (<60 m water depth) that gradually transitions into a more biogenic 
carbonate composition on the outer shelf. This distribution is controlled by (but not 
limited to) riverine activity, shelf morphology, climate and sea level, wave processes and 
ocean currents: in particular, the southward-moving East Australian Current (EAC) is 
believed to be the main factor hindering deposition on the outer continental shelf. Water 
temperature and sea level control sediment composition on a wider scale (Boyd et al. 
2004).  
Compared with the continental shelf, the continental slope of the East Australian Margin 
is much less understood. Boyd et al. (2004, p. 749) summarised the highly limited present 
understanding of the continental slope and stated that the slope sediments ‘consist 
predominantly of pelagic carbonate sand, carbonate mud and medium silt to very fine 
sand-sized siliciclastic grains’. 
 
2.3.3.3. Seismicity and Tectonic Activity 
As a continental margin characterised by widespread slope failure, lack of tectonic activity 
is not the only unusual aspect of the EACM. While many submarine landslides occur on 
tectonically-passive margins elsewhere on Earth, most of these have additional high 
sediment load and/or fine-grained sediments, leading to the overpressure of pore fluids 
and subsequent liquefaction. However, several global settings, including the EACM, are 
disconnected from major rivers and have low sedimentation rates.  
In Section 2.4.1, this thesis will introduce a model wherein earthquakes are postulated to 
be a main factor in the morphological processes that shape the EACM slopes. While 
Australia is generally believed to be exposed to minimal seismicity given its distal 
relationship to any tectonic boundaries, there have nevertheless been substantial 
earthquakes even in recorded history on the continent (Brown & Gibson 2004, McCue 
2004, Hall et al. 2007, Leonard 2008, Sandiford & Egholm 2008, Clark 2010, Hoy 2012, 
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Geoscience Australia 2016). Figure 2.47 shows that not only is seismicity spatially 
associated with the tectonic activity of Southeast Asia and the Indian Ocean (offshore 
northwestern Australia), but there has been a number of large intraplate earthquakes in 
Central Australia. However, as this thesis is focused upon the EACM, the relevant 
geographic distribution of earthquake incidence is along the central-east coast of 
Australia (Figure 2.47).  
 
Figure 2.47. Recorded earthquakes on the Australian continent and local oceans up to 2011. EACM study area 
investigated by this thesis is indicated by black rectangle (Geoscience Australia 2016). Most of these are 
concentrated in the south-east of the continent, but this distribution is possibly dependent on population density.  
While earthquakes appear to be more concentrated onshore southeastern NSW and 
Victoria, the extent of the EACM as defined in this thesis (Section 2.3.1) has been 
exposed to regular seismic events of M4 and greater. On the national scale, earthquakes 
of M6 or greater occur approximately once every five years. Small earthquakes (M<4) 
occur approximately once a day somewhere on the continent and its surrounding seas 
(Hoy 2012). Geoscience Australia provides a database on all recorded earthquake activity 
of significantly damaging magnitude, which shows that an earthquake of M5 or above 
occurs in or around the states of Queensland and NSW approximately once every seven 
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years (see Appendix A), with most of these are concentrated along the coast (also seen in 
Figure 2.47) where they can directly affect the continental slope.  
 
2.3.4. Proposed Conceptual Model for Slope Failure on the EACM 
A conceptual model that describes the regional history of the EACM, which considers 
the effects of basin geometry, global climate, regional tectonics and seismicity, and local 
oceanography, was proposed in Hubble et al. (2012) and Yu et al. (2013). It suggests that 
the onset or, possibly, a marked acceleration of deep incision and dissection of the 
continental slope took place in the study area during the Middle Miocene, when 
sedimentation along the margin shifted from a dominantly depositional regime to one 
where erosion is dominant (Dickinson et al. 2002, Potter & Szatmari 2009, Hubble et al. 
2012). This initiation of this deconstructive behaviour was contemporaneous with the 
Late Miocene global erosional event (Potter & Szatmari 2009). Detail of the findings 
from which this model was first developed are presented in Chapter 7.  
The Early Oligocene saw the final phase of Gondwana’s breakup, and Australia being 
completely separated from Antarctica, which in turn was now tectonically and thermally 
isolated. Continental margins subsided, circum-Equatorial flow was terminated and the 
ACC was initiated as new oceanographic passages opened while others closed. By the 
Middle Miocene, the ACC had become established, and progressively cooling climates 
reached the degree of the glacial maximum as the Antarctic cryosphere further expanded 
(Exon et al. 2004, Potter & Szatmari 2009) (see Section 2.3.2.1). Given these conditions, 
particularly the onset of deep thermohaline circulations driven by Antarctic margin 
polynyas (Figure 2.48), Hubble et al. (2012) proposed a model in which the ACC at this 
time was at its peak velocity, and moving northward towards the Equator as a deep, 
dense current. Upon reaching the Tasman Sea, the currents intensified with the 
narrowing of the Tasman Basin, and deflected westwards to hug the continental slope of 
south- and central-eastern Australia due to the Coriolis force (Figures 2.50, 2.51). The 
velocity of this bottom current at the lower slope has been documented to reach 0.1 m/s 
in present times by Mata et al. (2006), and 0.2 m/s by Sloyan et al. (2016), sufficient for 
eroding fine sands (Figure 2.50). With colder conditions during the Middle Miocene, it 
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can be reasoned that the bottom current was faster and more erosive due to a higher 
thermal gradient, enabling it to erode the toe of the EACM, destabilising the slopes and 
preconditioning the margin to be more prone to failure.  
 
Figure 2.48. Major currents of the world showing present day ACC isolating Antarctica from southward-flowing 
warm currents, which are shown in red. Cold currents are shown in blue (Pidwirny & Jones 1999‐2014). Note that 
only the major currents that operate on a larger scale are shown. See subsequent figure for smaller-scale schematic 
(approximated area indicated by black dotted lines).  
 
Figure 2.49. Simplified view of the hypothesised flow directions of ABW in the Southern Ocean and Tasman 
Basin, during the Middle Miocene. Yellow dots indicate the area along the EACM relevant for this thesis (Image 
Source: Google Earth Pro).  
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Figure 2.50. Sediment transport curves for air and water 
(Mitchell 1993). Water is shown to be a more effective 
transport agent than air. Theoretically smaller particles would 
be most easily transported, but clay-sized particles tend to be 
charged and adhere to each other, forming larger particles. 
This is represented by the curved section of the curves to the 
left of the plot. 
 
This model is consistent with the 
Middle Miocene erosional event 
documented worldwide as an 
unconformity in the stratigraphic 
record (c.f. Hall et al. 2003 for local 
study), and is reflected in the apparent 
hiatus in the fossil assemblage of the 
dredge samples covering part of the 
Middle to Late Miocene (Chaproniere 
2010, Yu 2010). This is also in 
agreement with findings further south 
along the margin (Exon et al. 2004). 
The onset of mass failure during and 
after the Miocene probably operated 
on a regional scale and has been 
suggested by Marshall et al. (1998) to 
have affected the north of the study 
area, 1000 km east of Lord Howe Rise, where this event was also invoked by Bentz et al. 
(1972). The cause of this interruption to sedimentation processes was suggested to be the 
strengthening of the thermohaline system (Exon et al. 2004), and it was suggested by 
Keene et al. (2008) that the bottom currents that conditioned the slopes for failure are 
still active in the present time.  
Hubble et al. (2012) went on to suggest that seismic activity may have been a secondary 
factor to the destabilisation of the margin during this time; the EACM was likely to have 
been exposed to earthquake shaking, as the Australian plate experienced significant 
change in its seismic climate through its collision with the Eurasian Plate during the 
Miocene (Dyksterhuis & Müller 2008). This factor is still very much present upon the 
margin, as Australia continues to converge towards Southeast Asia at a rate of 6.9 cm per 
year, which is relatively fast by global standards (Howard 2016).   
From this point, this conceptual model will be referred as the East Australian Margin 
Evolution (EAME) model.  
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2.4. Conclusion: Necessity for Investigation 
This chapter has summarised the current understanding about the subject of submarine 
mass movements and their onshore and offshore consequences. It has covered key 
concepts, definitions, assumptions, and models, before presenting several case studies in 
various settings and of a range of spatial and temporal scales. These set the foundation 
for understanding the premise of this thesis and the significance of its study area.  
While the other case studies are reasonably well-researched, and the models for their 
failure mechanism, processes and consequences are relatively robust and comprehensive, 
the case of the EACM is relatively poorly understood. Landslides on this continental 
margin were first documented in 1992 by Jenkins & Keene using rather low-resolution 
seismic profiles and photographs of one slide (Boyd et al 2010). Since then there had only 
been a few key publications that investigate the morphology of the continental slope of 
the EACM (c.f. Boyd et al. 2004, Keene et al. 2008, Boyd et al. 2010, Clarke et al. 2011, 
Clarke et al. 2012, Hubble et al. 2012, Puga-Bernabéu et al. 2012, Clarke et al. 2014, 
Fletcher 2015) compared with the multitude that study processes and features on the 
continental shelf, and the mechanisms of the landslides remain practically unknown, just 
as they are on other similar settings around the world.  
The EACM, along with examples from the northwest and south African margins, does 
not appear to fit most of the major criteria that generate the majority of documented 
submarine landslides elsewhere on the Earth. This margin is disconnected from major 
rivers, has low sedimentation rate and is thus sediment-deficient, and most significantly, 
is tectonically-passive. Most of the normally-accepted preconditioning phenomenon and 
major failure triggers are apparently absent from this setting, yet landslides, canyons, and 
other mass transport processes have produced an extensively-incised continental slope. 
The largest of these failure features are located on the middle and lower slopes, while 
most of the current studies have been more focused on the smaller upper slope slides 
because of their relatively high tsunamigenic potential (c.f. Clarke et al. 2011, 2012, 2014). 
The downslope transportation of material from the upper slope to the abyssal plain in 
canyons has been investigated by Puga-Bernabéu et al. (2011, 2012, 2013), but the factors 
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and mechanisms of instantaneous, large-scale failures such as slides and slumps have 
been a largely unexplained aspect of the local morphological history and development.  
This thesis will test the proposed conceptual model against the evidence and attempt to 
identify the missing pieces of this geological puzzle, not only for the EACM, but also 
with the hopes of resolving the mystery of these large, deep slides that have evidently 
occurred in other similar settings around the world.  
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Chapter 3 
Methodology and Laboratory Results 
This chapter presents and describes the methodology used to analyse two major sets of 
data obtained from two research voyages onboard the RV Southern Surveyor in 2008 and 
2013 (SS2008-V12 and SS2013-V01): (1) remote sensing data obtained by a multibeam 
echosounder, which is used to generate bathymetric images, and (2) physical samples of 
sediments and rocks dredged from the middle to lower regions of the continental slope 
offshore southern Queensland (QLD) and northern New South Wales (NSW).  
The sediment samples collected on these two voyages were tested to determine a variety 
of physical, sedimentological and geotechnical properties. Nanofossil and microfossil 
assemblages were also investigated to determine their age.  
Following each methodology, results obtained from these tests will be presented where 
relevant. Further interpretations will be done as a series of case studies in Chapters 4 to 7. 
The bathymetric data of the East Australian Continental Margin (EACM) collected 
during the two voyages is presented in these case studies, as images that contextualise the 
sediment samples. The results for the core sample recovered from Clarence Canyon will 
be separately presented and discussed in Chapter 8, for consistency and convenience. 
Relevant results from related studies by Clarke et al. (2011, 2012), Clarke (2014), Fletcher 
(2015), and Hubble et al. (2012) will be introduced, discussed and compared.  
 
3.1. Bathymetry 
This thesis’ main focus is on the morphological development of the slope of the East 
Australian Continental Margin (EACM) and on identifying the processes responsible for 
their formation. Bathymetric datasets are vital for this study, as they provide the basic 
information that enables identification of the EACM’s major morphological features. 
These data inform and contextualise the other tests and slope stability modelling.  
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A Kongsberg Simrad EM300 multibeam echosounder fitted on a gondola beneath the 
vessel’s hull was used to obtain swath bathymetric data. The nominal sonar frequency of 
the 270 beams (135 each on port and starboard sides) is 30 kHz.  
The acquired survey data were recorded on the Seafloor Information System (SIS) 
onboard (http://www.km.kongsberg.com), and then processed using the Caris software 
package (http://www.caris.com) to produce an XYZ dataset, producing 50 m digital 
elevation models (DEM). This was merged with the existing regional bathymetric datasets 
provided by Geosciences Australia’s DEM repository (http://www.ga.gov.au/scientific-
topics/marine/bathymetry/50m‐multibeam‐dataset‐of-australia‐2012) to produce a 
DEM of the entire study area, which could be visualised and analysed using Fledermaus 
(v7.3.3b) visualisation software (http://www.qps.nl/display/fledermaus/main).  
 
3.1.1. Onboard Operations: Data Collection and Types   
Datasets from two related survey cruises are used in this study: (1) the SS2008-V12 
voyage (Boyd et al. 2009) surveyed the study area over a period of two weeks during 
November of 2008. 13,000 km2 of continental slope was surveyed in an offshore region 
between Noosa Heads and Yamba (Figure 3.1, black dotted lines). The vertical depth 
ranges from the shelf break at 100 m to the base of the continental slope, at 3500 m. The 
regional bathymetric survey was conducted using the 30 kHz Kongsberg EM300 
multibeam echo sounder, with special focus on obtaining high-resolution data from the 
steepest section of the continental slope, between the depths of 100 m and 3000 m. For 
more information on the Kongsberg Simrad EM 300 on the RV Southern Surveyor, see 
Llewellyn (2005). 
(2) The SS2013-V01 voyage (Hubble et al. 2013) conducted upon the RV Southern Surveyor 
surveyed two areas of the EACM in detail in January to February of 2013. The first of 
these detailed surveys mapped an area of 5,000 km2 on the continental margin offshore 
southern QLD; this consisted of a 200 km-long (north to south) and 25 km-wide route 
(east to west) rectangular area located between the northern tip of Fraser Island in the 
north to Caloundra in the south. The vertical depth ranges from 200 m at the shelf break 
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to the abyssal plain, at depths of 4500 m. A second, smaller area was mapped in detail 
offshore Evans Head/Yamba, in northern NSW (Figure 3.1, grey dotted lines). Together, 
the two voyages obtained approximately 20,000 km2 of bathymetric data (Boyd et al. 
2010, Hubble et al. 2013).  
The acquisition process follows the standard operation procedure for multibeam surveys 
detailed by Geoscience Australia (Buchanan et al. 2013). A number of parameters can be 
adjusted as the swath-mapping function is running:  
 Depth filter: the range of acceptable depth values for the seafloor, which has to 
be monitored and adjusted when necessary, to assist with bottom-searching 
(Buchanan et al. 2013).  
 Survey speed: the surveying vessel’s overground speed, which is inversely 
proportionate to data resolution (Buchanan et al. 2013).  
 Swath width: the optimal (not maximum) coverage of the swath on the seafloor, 
which is most dependent upon depth (Buchanan et al. 2013). The greater the 
depth, the narrower the swath has to be in order to reach the seafloor. A beam 
width of 1° was used to operate the echosounder, which translates to an 
ensonification area (or beam footprint) of approximately 35 m per 1000 m of 
water depth. With a set of three-by-three pings needed to resolve an emergent 
seafloor feature, the minimum lateral extent required for such a feature is 
approximately 100 m across in 1000 m water depth, 200 m across in 2000 m water 
depth, and 300 m across in 3000 m water depth. The vertical resolution is of the 
order of a few decimetres at these water depths (Hubble et al. 2018). Other factors 
affecting the swath width include: swath angle, sound velocity, temperature, 
salinity, substrate (e.g. roughness), and sea state at the time of survey (Buchanan et 
al. 2013). Swath angle is also important for rough seafloors (e.g. canyon areas), as 
high-standing features produce ‘shadows’ where they intercept the beams.   
 Overlapping: to ensure adequate coverage of the seafloor, there has to be an 
overlap between the areas mapped by adjacent survey lines of approximately 7-
10% (Buchanan et al. 2013).   
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Survey speed and overlapping were 
controlled via close communication 
between the operations crew monitoring 
the real-time incoming data and the 
bridge while the vessel and its 
equipment were underway. Settings 
adjustable by the operations crew were 
as follows (Fletcher 2015):  
Filtering: 
 spike filter range: auto, weak,  
           medium, strong 
 range gate: small, medium, large 
Depth settings:  
 medium: 200 m  500-600 m  
 deep: 500-600 m  1000-1200 m 
 very deep: 1000–1200 m  
           2000–2500 m 
 extra deep: 2000–2500 m or  
           greater 
Performance envelope (ping mode): 
 very shallow, shallow, medium, 
           deep, very deep, extra deep 
 
 
  
Figure 3.1. Bathymetric image of the areas surveyed 
along the EACM during the two voyages, with 
onshore cities and features as reference. SS2008-
V12 data and samples are indicated in white; 
SS2013-V01 data and samples are indicated in black. 
Dashed lines indicate the areas from which high-
resolution bathymetrical data were obtained; points 
indicate locations of samples used in this thesis. 
White boxes indicate the study areas of this thesis’ 
case studies: (A) Wide Bay Canyon System (Chapter 
5), (B) Maroochydore Slopes (Chapter 6), (C) Tweed 
Canyon System and Byron Slide (Chapter 7), and 
(D) Clarence Canyon Debris Field (Chapter 8).  
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3.1.2. Imaging and Interpretation 
The preliminary and SS2008-V12 bathymetric data presented and interpreted in this study 
has been provided by CSIRO’s Marine Division, processed by Dr. Tara Martin. The data 
obtained from the SS2013-V01 voyage has been processed by the staff of CSIRO’s 
Marine Division and Dr. Robin Beaman of James Cook University, and are made 
available as a public domain file on the Australian Oceanographic Data Network website 
(https://portal.aodn.org.au). 
As per standard operational procedure, the raw data were created in the native format of 
the Kongsberg EM system (*.all) directly upon acquisition. This dataset may include 
sound velocity profiles, attitude, navigation, heading, raw bathymetry, and backscatter. 
They are processed as structure-data (SD) files of 50 m resolution, stored in *.xyz format 
(Buchanan et al. 2013). Following this, these data were then visually rendered and post-
processed using Fledermaus (Version 7), a commercial software package developed by 
Quality Positioning Services BV (QPS). This software is used to examine and present 
geospatial data in three dimensions, and allows direct comparison of data as objects, 
including those for topography, bathymetry, point clouds, lines, polygons, satellite 
images, maps, and seismic cross-sections. All of these objects can be visualised, rendered 
and analysed on a single screen. Fledermaus can be used in conjunction with DMagic, 
developed by the same company, which displays the objects in two dimensions and 
allows more flexible numerical calculations to be done (QPS 2017). Bathymetric images 
of the study areas used in this thesis’ figures have been produced using the Fledermaus 
software package.  
 
3.1.2.1. Sinuosity 
As submarine canyon morphologies are often comparable to fluvial morphologies in 
subaerial settings (Mitchell 2006), a number of similar quantitative calculations can be 
made using the bathymetric data, which can assist in the description and interpretation of 
morphology. 
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Sinuosity is used in fluvial morphology to quantify the degree of meandering a river 
channel exhibits. It is defined as a dimensionless ratio between the channel length (more 
specifically, the length of the thalweg) and the straight, source-to-mouth length (Figure 
3.2), that is:  
   
 
  
 
Where s is the sinuosity, L is the length 
measured along the centre of the 
river/canyon channel, and Lv is the length 
along the axis of the valley (Schumm 1963), or 
the head-to-foot distance for a submarine 
canyon (Huang et al. 2014) (Figure 3.2).  
The ratio classifies a fluvial channel into three 
types:  
1. if s < 1.5, the channel is straight (s = 
1 describes a completely straight channel) 
2. if s ~ 1.5, the channel is sinuous, and  
3. if s > 1.5, the channel is meandering 
Sinuosities of natural rivers are generally no higher than 3.0 (which are described as 
tortuous) (Wolman & Miller, 1960). 
 
3.1.2.2. Thalweg Profiling 
Analysis of the thalweg, which is defined as the deepest path of flow within a channel 
(Bartley & Rutherfurd 2002), can likewise be applied to both subaerial riverine systems 
and submarine canyon systems. Thalweg profile variability is measured in terms of 
elevation of the bed of the channel measured along its downslope axis (Bartley & 
Rutherfurd 2002, Mitchell 2006), and is used to indicate changes of erosional and 
depositional forces along the channel.  
Figure 3.2. Schematic diagram describing sinuosity 
calculation for a river in a valley. A–B is equivalent 
to L; C–D is equivalent to Lv (Doll et al. 2003).  
 
(3.1) 
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In a submarine setting, turbidity currents are analogous to the flow of water and 
sediments in a river. As a river’s form is shaped by erosion and deposition within its 
channels, so too is a submarine canyon’s development dependent upon the way turbidity 
currents erode its bed (Mitchell 2006). The rate and magnitude of such erosion is related 
to multiple factors, including channel gradient, the kind of fluid or sediment flow 
experienced by the canyon (e.g. intact or disintegrative failures), and exposure to regional 
oceanographic currents. In addition, internal factors such as substrate 
lithology/sedimentology also control the bedform of the canyon channel (Mitchell 2006). 
By sampling bedform down the thalweg profile (Gerber et al. 2009) and describing 
features such as long profile form and knickpoints – ‘reaches of anomalously steep 
gradient’ (Mitchell 2006, p. 589) – sites of erosion can be inferred as points of hydraulic 
jumps, and details of the dynamics of fluid and sediment flow within submarine canyons 
can be interpreted.  
Gerber et al. (2009) identified a number of factors that govern the long profile shape of 
canyon thalwegs, including tectonics, oceanography, mass failures, turbidity currents, and 
background sedimentation. Their investigations focused on the last two of the list, and 
have generated two main conclusions: (1) turbidity currents produce a concave-upwards 
long profile, with or without constant progradation (Figure 3.3I), and (2) if background 
sedimentation is sufficient, the long profile will become convex (Figures 3.3II, 3.4). That 
is, a concave-upwards profile indicates a predominantly erosive canyon system, while a 
convex-upwards profile indicates a predominantly depositional canyon system.  
 
Figure 3.3. Schematic diagrams for a canyon (I) predominantly shaped by turbidity currents and (II) experiencing 
high levels of background sedimentation (Gerber et al. 2009). Note the increase in profile convexity with 
sedimentation. 
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Figure 3.4. Long profile variations generated for (A) erosive canyons systems and (B) depositional canyon systems 
(Gerber et al. 2009). Erosive systems have consistently concave long-profiles, while depositional systems are 
exposed to greater variation, with potential for generating both concave and convex long-profiles. 
 
3.1.2.3. Surface Statistics  
Slope gradient and roughness of canyon channels and walls are indicators of the degree 
of erosion experienced at various sites within the canyon system. The Fledermaus 
software allows for surface calculations, where scalar values are attached to surface 
images. For this study, slope gradient and rugosity are calculated for some of the case 
study localities.  
Surface slope is computed in 
Fledermaus for a given point P, 
which is at a cell centre, by obtaining 
the gradients (Figure 3.5, PA, PB, PC, 
and PD) between P and the cell 
centres of four neighbouring cells (A, 
B, C, and D in Figure 3.5). The 
maximum of the absolute values of 
these four gradients is then selected, 
converted into degrees, and can be 
displayed for each cell as an attached 
scalar (QPS 2017).    
 
Figure 3.5. The computation of the slope at a given point P 
on a grid. P = cell centre of the point of computation; A, B, 
C, D = centres of west, north, east, and south neighbouring 
cells. Light grey box = extent of grid cell represented by point 
P (QPS 2017).   
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Rugosity in Fledermaus is based on a method developed by Jenness (2004) for 
calculating landscape topographic roughness from DEMs. Roughness is described as ‘a 
measure of the texture of a surface which is quantified by the vertical deviations of a real 
surface from its ideal form. If these deviations are large, the surface is rough; if they are 
small, the surface is smooth’ (Hani et al. 2011, p. 177). Quantitatively, Jenness defines 
surface roughness as ‘the surface area of [a] region [divided by its] planimetric area’ (2004, 
p. 829).  
To calculate surface area, the DEM treated as a grid (e.g. a raster image), with specific 
values attached to each cell (e.g. pixel) (grey squares in Figure 3.6), which refers to the 
elevation of the centre point of the cell (Jenness 2004). The surface area is derived from a 
given focal cell plus its eight surrounding cells. The 3-dimensional distance between the 
centrepoint of this focal cell (Figure 3.6, red points) and the centrepoints of its eight 
surrounding cells (Figure 3.6, blue points) generate lines of ‘surface lengths’ (Figure 3.6, 
red dotted lines), and when joined with lines connecting each of the eight surrounding 
cells with their adjacent cells (Figure 3.6, blue dotted lines), generates eight (3-D) triangles 
(Figure 3.6A, I-VIII). The sum of the areas of these triangles give the 3-D surface area of 
the focal cell, and the planimetric area is simply the 2-dimensional (horizontal) area of the 
equivalent cell (Jenness 2004).  
 
Figure 3.6. Method by which 3-dimensional surface area can be calculated from a DEM, where a continuous 
surface over nine cells is represented by triangles I-VIII, with side lengths (red dotted lines) as the distances between 
the centrepoint of the central cell (red point) to those of the surrounding cells (blue points), and the lengths between 
adjacent surrounding cells (blue dotted lines) (edited from Jenness 2004).  
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3.2. Sediment Samples 
The sedimentary samples examined for this study were collected by seafloor dredging, 
except for one gravity core sample (Chapter 7). Sampling sites were selected by the chief 
scientists of the cruise (Ron Boyd for SS2008-V12, Thomas Hubble for SS2013-V01) on 
the basis of the morphology of the seafloor evident in the preliminary images of the 
bathymetry processed during the voyage. The priority was to identify exposed 
consolidated material in scarps and landslide scars, rather than the recently-deposited 
drape of hemipelagic mud. Primary targets for sampling included protruding ridges, 
overhanging/undercut blocks, peaks formed by intersecting slump scars, crowns of steep 
headscarps, and massive intact debris pieces on the seafloor. It is crucial that the dredge 
path (from the moment the dredge is deployed on the bottom until it is pulled up and off 
the seafloor) is planned, in order to have the dredge sample these desirable targets. This is 
preferably done in an upslope direction, although excellent samples have been retrieved 
in along-slope and even downslope operations (Hubble 2016 pers. comm.). 
Dredge samples were recovered from a variety of water depths and morphologies (Figure 
3.7, Appendix B). The equipment used was a box dredge: a rectangular bag (1.2 m long 
by 2.0 m deep, approximate volume 960 L) made of metal chain links, with two ~125 L 
pipes (one open and one closed) for finer-grained material was used (Figure 3.6). The 
chain link bag is kept expanded underwater by a heavy frame (1.2 m x 0.40 m x 0.40 m), 
and towed along the seafloor to collect rock and sediment samples. Recovery across the 
selected sites was not consistent, with some dredges returning a substantial amount of 
consolidated, more massive material in the chain bags, and others only recovering fine-
grained, ooze-like material in the pipes. The latter has been interpreted as modern 
hemipelagic drape as it is regionally consistent in composition. Therefore, for the purpose 
of this study, only the results from samples comprising consolidated sediments will be 
reported. 
The SS2008-V12 samples were collected and stored by its shipboard party and re-
examined by me from 2010; I was part of the shipboard party for SS2013-V01, and the 
samples were tested immediately upon their return to the laboratory.  
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Figure 3.7. Dredge deployment and recovery. (A) The dredge is lowered into the water, (B) trawled along the 
seafloor then lifted back to the water surface; (C) the open and closed pipes can be seen on the left and right of the 
chainbag. (D) Contents of the chainbag are released, (E) collection and transport to the onboard laboratories for 
further archiving and curation, along with material recovered in the pipes (Photo credits: Hubble 2008). 
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Once recovered, a dredge haul is immediately sorted by general gross lithology (e.g. hard 
rock, consolidated mud, soft mud, ooze, biological components) onboard. The quality 
and quantity of the recovered material are noted. The components are separately 
packaged, labelled, recorded and stored in air- and water-tight containers, and refrigerated 
(not frozen) to minimise deterioration and desiccation of the samples, until further 
examination that I have undertaken for this thesis.  
Recording the general nature and characteristics of the dredge samples at retrieval is the 
most intuitive and straightforward way to begin to understand the study area from where 
they have been recovered. These general characteristics can provide information on the 
nature of the seafloor, its depositional style, regional and local significance, and establish 
a starting point on which further investigation, testing and analysis can be planned.  
The consolidated but unlithified samples (stiff muds) collected for this study were used in 
small oedometer and shear tests. Those samples were deemed as in-situ, and were in 
addition investigated for their mineralogy, grain-size, and physical properties. 
Representative samples were sent out to George Chaproniere (SS2008-V12) and Stephen 
Gallagher (SS2013-V01) for biostratigraphic dating. Details of the specific sample sites 
and the materials collected are presented in Appendix B. Nineteen dredges (nine from 
SS2008-V12 and ten from SS2013-V01), and one core, were collected and examined for 
this thesis.  
In the laboratory, each sample was described and classified, with the different 
components of each dredge examined and photographed separately. Suitable subsamples 
where sufficient material was collected were taken for tests listed below (Appendix C):  
1. grain-size analysis 
2. x-ray diffraction (mineralogy) 
3. shear box tests (shear behaviour) 
4. small and incremental loading oedometer tests (consolidation behaviour) 
5. pycnometer tests (specific gravity)  
6. plastic and liquid limit (Atterberg limits) tests 
7. foraminiferal biostratigraphy, and 
8. nanofossil biostratigraphy  
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3.2.1. Considerations 
Before presenting data obtained from laboratory tests, it is important to consider some 
assumptions that the sampling techniques and processes have introduced. One issue that 
besets all dredge operations is the fact that the method requires the sampling equipment 
to be dragged for some distance, preferably a short one and usually in the uphill direction. 
This introduces an inherent uncertainty in identifying the exact point or points from 
which samples were recovered. 
Compared with the techniques, methods and equipment available decades ago (e.g. the 
introduction of global position system and remote sensing technology), those used during 
the two voyages, especially SS2013-V01, allowed for the critical sites to be relatively well-
constrained. Nevertheless, to maximise the probability of identifying the full range of 
materials collected in the dredge hauls, the samples were carefully examined. The 
dominant, most abundant lithology was considered to be most representative of the 
dredge track materials. If no single lithology was prominent, the multiple, distinct 
lithologies were considered to be equally representative. In practise, the most common 
lithology tends to be recovered during the biggest ‘bite’ along the sampling track; if 
multiple bites took place during dredging, the recovered samples usually include several 
different lithologies. The identified lithologies were bagged and tagged onboard the 
research vessel and then subsampled in onshore laboratories to provide material for each 
individual sedimentological and geotechnical test. In general the material dredged from 
sites within the study area is compacted, hemipelagic (foraminiferous) sandy-silt and 
sandy-mud. The ubiquitous uniformity of these materials and their close similarity in 
composition, grain-size and appearance to the material in cores recovered from other 
sites on the EACM have also been documented by Hubble et al. 2012. 
The subsamples were always taken from freshly-exposed surfaces from the interior of 
coherent, massive blocks of consolidated mud samples, as opposed to directly from the 
surface of the blocks. This is because of the possibility of contamination by modern mud 
and/or cross-contaminated by other blocks.  
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3.2.2. Basic Lithology of Sediment 
Preliminary assessment of samples was undertaken immediately upon recovery at sea by 
shipboard scientists (including me, for SS2013-V01) with the aid of a handlens or 
binocular microscope. Properties including colour, estimation of grain-size, general 
mechanical behaviour (e.g. liquid, loose, consolidated, stiff, lithified), and sediment type 
of the contents (e.g. hemipelagic, foraminiferous, calcareous, clastic) were recorded.  
Upon return of the samples to the onshore facilities at the School of Geosciences, the 
University of Sydney, individual samples were catalogued in more detail and sample 
colours were recorded according to the Munsell colour system (this was done as soon as 
possible as to ensure that changes over time were minimised). Where multiple lithologies 
were determined to be present at a site, they were separated by visual and basic physical 
distinctions (such as colour, density, level of consolidation/lithification, and general 
composition) and described, to expand upon the preliminary identifications completed at 
sea. Samples were classified to be loose, near-liquid sediments, sensitive to being handled 
and manipulated, or stiff and massive. Stiff samples that were not easily deformed during 
handling and transport were considered to be representative of the subsurface seafloor 
material and deemed most suitable for further geomechanical tests. Hemipelagic ooze 
was identified by its fine, well-sorted particles, and lack of consolidation. Any discrete 
discernible biological components were generally named (e.g. seastars, shell fragments, 
coral fragments, sponge spicules, pteropod skeletal material) and set aside for 
examination by marine biologists. 
In addition, while this thesis is mostly concerned with the mechanical behaviour and 
characterisation of the sediments relative to the macro-scale features from which they 
were recovered, it is also helpful to know their mineralogical constituents. Such 
information provides insight as to the origins and sources of the sediments, their history, 
and whether they are regionally consistent or locally contrasting.  
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3.2.2.1. Results 
The sediments which have been deposited on the margin consist primarily of hemipelagic 
material, with variable amounts of aeolian siliciclastic material. While there are small 
variations from one dredge to another, overall the material recovered from the dredges 
can be described as consolidated (but non-lithified), siliciclastic-carbonate sandy-
silt ranging between pale yellow, brown and olive green in colour. Most (with the 
exception of two samples from one site) contain obvious microfossils that are 
predominantly foraminiferal, as well as small gastropods, pteropods, sponge spicules, sea 
stars and discoasters (Figure 3.8). In one sample, tubular cemented structures have been 
interpreted as cemented worm burrows (Figure 3.8A).  
 
Figure 3.8. A selection of sieved samples with apparent non-foraminiferal biogenic contents (indicated by blue 
arrows): (A) DR005B (B) DR008, and (C) DR012.  
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Examination of the disaggregated samples under a binocular microscope allowed the 
identification of each consolidated sample’s major components. Many specimens contain 
terrestrial and/or siliciclastic minerals, such as glauconite, quartz, feldspar, and mica. 
Some samples include iron/manganese staining and/or manganese particles; some 
samples have agglutinated grains, suggesting weak dissolution and re-
cementation/mineralisation. Black, amorphous, iridescent grains are present in some 
samples, and have been interpreted as iron/manganese oxides. Laminae are present in 
some of the more consolidated samples, usually as sand-rich, oxidised layers. Evidence of 
bioturbation is apparent in most samples, as mottling and/or burrows (see Appendix 
C.1).   
These general lithological appearances and visual characteristics are comparable to those 
of the samples collected from the upper slope of the EACM in other studies; Clarke 
(2014) documented two main units in gravity cores sampled along the margin: an upper 
unit composed of ‘homogenous, bioturbated, hemipelagic clay-bearing sandy silt to silty 
sand or clay-sand-bearing silts. The sediment is dominantly biogenic, sandy carbonate 
mud, with some terrigenous silt and clay. The sand fraction typically comprises bioclastic 
material (mostly foraminifera). The colour of the unit sediments generally grades through 
olive grey at the top through dark olive grey at the base of the unit. The upper 5–20 mm 
presents as a thin oxidised layer of light yellowish-brown sediment. Burrows, laminae and 
mottling are present to varying degrees’ (Clarke 2014, p. 2-25), while the deeper, older 
unit is described as ‘homogenous, bioclastic, hemipelagic clay-bearing sandy silts to silty 
sand… [and] generally has [sic] uniform texture, with some faint laminations apparent. 
The sediment is comprised of foraminifera, shell fragments and other carbonate 
detritus… Faint to moderate mottling and occasional bioturbation is also present’ (Clarke 
2014, pp. 2-25). 
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3.2.3. Grain-Size Analysis 
Grain-size analysis was carried out on repeated samples (using multiple subsamples from 
the same lithology) from the twenty-one dredges, with some dredges containing multiple 
lithologies. The method was carried out on the sand and mud fraction of the samples, 
with gravel assessed as not present in any of the samples by visual inspection and sieving. 
In order to do this, the consolidated samples had to be disaggregated. Disaggregation was 
carried out by sampling 0.65–0.70 g of each sample (or repeated sample), and mixing it 
with 40 mL of sodium hexametaphosphate (50g/L) as a dispersant. This mixture was put 
in sample tubes and placed on an upright motorised 35 cm-diameter wheel (Figure 3.9) 
that spins the samples about the tube’s axis at a rate of approximately one revolution 
every 2 seconds.  
 
Figure 3.9. Motorised wheels used to disaggregate the 
consolidated sediment samples, (A, B) unloaded and (C) 
loaded with samples and in motion. 
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Once completely disaggregated, the samples were analysed using a Mastersizer 2000, a 
device which utilises laser diffraction to determine particle size distribution. The range of 
grain-sizes in each size classification group is defined according to the following:  
Clay: 0 – 2 µm; Silt: 2 – 20 µm; Sand: >20 µm 
 
3.2.3.1. Results 
The seventeen samples from the SS2008-V12 group are collectively classified as sandy 
silts, while the thirteen samples from the SS2013-V01 group range from sandy silts to 
silty sands based on their grain-sizes (Figure 3.10A). While clay content is relatively minor 
(<2%), it is present in most samples.  
Many of the samples display a bimodal grain-size distribution: one mode in the fine or 
coarse silt classification, and another in the fine or medium sand fraction (Figure 3.10B). 
These modes are representative of finer silt-sized siliciclastic grains (e.g. quartz) and the 
coarser sand-sized carbonate foraminiferal fossils (generally 60 µm and larger). Keene et 
al. (2008) documented carbonate contents in the mud-sized fractions presenting as 
coccoliths.  
Figure 3.11 presents the grain-size analysis results (red and orange) with those from 
related studies in the upper slope of the EACM (Clarke 2014, in blue) and the section of 
continental margin offshore Fraser Island, northern EACM (Fletcher 2015, in green). 
While all three datasets report significant amounts of samples classified as sandy silts to 
silty sands, there is a notable shift towards clay-sized contents in both Fletcher’s (2015) 
samples and those of this thesis, compared with Clarke’s (2014) samples.  
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Figure 3.10. Grain-size analysis ternary plots of 74 samples from 29 dredges and one core (grey = SS2008-V12; 
black = SS2013-V01). (A) Sand : Silt : Clay ternary diagram plotted using GRADISTAT 4.0 (Blott & Pye 2001); (B) 
Grain-size distribution plot (log scale). Coloured (A) markers and (B) lines represent typical distribution for each 
sediment type: 1 – silty sand (red, blue, purple), 2 – clay-bearing sandy silt (orange), 3 – clay-bearing sandy mud 
(green). 
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Figure 3.11. Ternary plots showing the grain-size classification of analysed samples from SS2008-V12 (orange) and 
SS2013-V01 (red), compared with those of Clarke (2014) (blue) and Fletcher (2015) (green). 
 
3.2.4. Sand-Sized Components  
The consolidated samples underwent preparation for foraminiferal biostratigraphy. 
Twelve samples from eleven dredge sites were wet-sieved for the fraction with grain-size 
above 63 µm, as the size of the foraminiferal fossils of interest is within that range.  
Approximately 20 cm3 of material was removed from the interior of blocks of 
consolidated mud to avoid cross-contamination between individual sediment blocks 
(Figure 3.12). The material was then placed in a sample tube with ~30 mL of water to aid 
disaggregation, and spun on an upright wheel until completely disaggregated, in a manner 
similar to the preparation for grain-size analysis (see Section 3.2.2). Where necessary, the 
samples were divided and separated into multiple tubes to ensure that there was enough 
water present to enable total (physical) disaggregation. Once they were disaggregated, the 
samples were washed through a 62.5 µm sieve. The samples were then de-watered and 
dried.  
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These twelve samples were further examined with the aid of a stereomicroscope. Visual 
observations recorded include the colour of the samples, the relative proportions of 
fossiliferous/foraminiferal, siliciclastic and carbonate contents, sorting, extents of 
agglutination, staining, secondary mineralisation, and fragmentation – particularly of 
foraminiferal grains. These characteristics are relevant to determining the local conditions 
and/or depositional history that the sediments have experienced.  
 
 
3.2.4.1. Results 
Figure 3.12. Subsampling from dredge material: (A) the sediments have been preserved in air-tight buckets in a 
cold, humid environment to prevent degradation. (B) A block is selected for subsampling, which then (C) is cut 
with a clean blade to expose the inside. (D) The interior of the block is extracted with clean tools. For larger 
subsamples, the surface layers are shaved off and the remainder is sculpted to the adequate size and shape. 
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After wet-sieving the samples, the sand-sized fraction of the dredge samples could be 
easily visualised under a stereomicroscope (see Appendix C.2. for details). Most of the 
samples recovered on the SS2013-V01 voyage have significant if not dominant 
foraminiferal contents alongside quartz, feldspar, and minor organic material, and can be 
generalised as mixed siliciclastic-carbonate material, with common agglutination of 
the carbonate fraction and rare manganisation. Some samples contain pteropods, 
echinoids, sponge spicules, molluscs, and worm burrows (c.f. Figure 3.8). For the 
SS2008-V12 specimens, Keene et al. (2008) reported mostly foraminiferal and 
coccolithic contents, along with minor pteropods, echinoids and sponge spicules, 
and terrigenous contents of fine quartz and clay minerals. Samples recovered from 
slopes of northern NSW have additional glauconite, phosphate, and ferruginous gravels 
(Keene et al. 2008).   
Following consolidation tests using the small oedometer with magnified loads, eight 
samples from the SS2013-V01 group were disaggregated and examined using a binocular 
microscope. It has been observed that the foraminiferous contents have not been 
damaged or crushed. The implication of this will be elaborated in Section 3.2.7. 
 
3.2.5. Clay- and Silt-Sized Material 
X-ray diffraction (XRD) was carried out on a total of nine samples from SS2013-V01: 
DR002, DR004A, DR005B, DR008B, DR010, DR011, DR014, DR015A, and DR021. 
Ten samples from SS2008-V12’s cores were taken for comparison with upper slope 
mineralogy (see Appendix B.1 for details). These nineteen samples were chosen for their 
spatial diversity, both in terms of their location on the EACM, and their relative positions 
in the stratigraphic column, i.e. Pleistocene upper slope core samples versus Neogene 
middle slope dredge samples.  
One to two grams of sample per specimen was required for each XRD analysis. These 
samples were dried overnight in an oven set to 60 °C, and then sent to CSIRO for 
further preparation, where approximately 1.5 g of the samples were ground in an agate 
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mortar and pestle, and lightly back pressed into stainless steel sample holders in 
preparation for the analysis (Raven 2015). 
X-ray diffractograms were recorded with a PANalytical X'Pert Pro Multi-purpose 
Diffractometer using Fe filtered Co Kα radiation, automatic divergence slit, 2° anti-
scatter slit and fast X'Celerator Si strip detector. The diffraction patterns were recorded 
from 3 to 80° in steps of 0.017° 2 theta with a 0.5 second counting time per step for an 
overall counting time of approximately 35 minutes. Qualitative analyses were performed 
on the XRD data using in-house XPLOT and HighScore Plus (from PANalytical) 
search/match software (Raven 2015). XRD analysis and interpretation of results were 
carried out by Mark Raven of CSIRO.  
 
3.2.5.1. Results 
The XRD results for the dredge samples, as well as their upper slope core comparisons, 
have been collated in Appendix C.4. A graphical summary is presented in Figure 3.13.  
 
Figure 3.13. Ternary plot summarising the mineralogy of dredge samples. QF = quartz and feldspar, CO3 = 
carbonate, Clay = clay minerals and others (halite and pyrite). Mineralogy of the SS2008-V12 upper slope material is 
plotted in red, SS2013-V01 middle and lower slope material mineralogy is plotted in black. 
Average mineralogy of the sediment samples is consistent both along the margin and 
across the various depths of the continental slope, with the speculation that Mg-calcite, 
aragonite and dolomite converting overtime to the more stable form of calcite. 
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Particularly of note, however, are the relatively large amount of quartz and smectite in the 
lower slope sediments, and the distinctly unusual composition of DR021, which was 
recovered from the surface of a deeply-seated slump scar.  
Figure 3.13 suggests that both sets of samples, on the whole, contain approximately equal 
amounts of siliciclastics and carbonates. Considering the interpretation of the two 
dominant modes of grain-size (Section 3.2.3) being representative of (silt-sized) 
siliciclastic contents and (sand-sized) carbonate contents, as well as many of the samples 
bearing minor but significant clay contents (<2%), based on grain-size distribution the 
mineralogy of these samples appear to be reasonably consistent across depths. 
The clay mineral contents are relatively high (up to ~30%, excluding DR021) for both 
sample sets compared with the grain-size analysis results (Section 3.2.3.1). The prominent 
content of smectite in the lower slope (up to 23%) sediments suggests that erosion was 
relatively active during the period when these sediments were deposited, in comparison 
to the less erosive depositional conditions of the upper slope sediments. The chemical 
composition is otherwise similar between the two sets of samples, suggesting that they 
share common factors in their depositional history. 
DR021 comprises of a high amount of quartz (43%), low amount of carbonates (<1% 
calcite), and a moderate amount of feldspar (15%) (Raven 2015). This composition is 
markedly different compared to that of the other samples. DR021 is also exceptional in 
its visual appearance, mechanical behaviour, and stratigraphic age. The sample’s 
significance will be discussed in Chapter 6. 
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3.2.6. Reflected Light Microscopy   
Some of the consolidation tests (Section 3.3.6.1.) exhibited an atypical behaviour when 
exposed to compressive stress (neither normally consolidated nor overconsolidated). This 
behaviour is commonly attributed to the hypothetical presence of rigid framework e.g. a 
weak cement, which collapses suddenly when the imposed stress reaches a certain critical 
value. To test this hypothesis, the microstructure and granular fabric of samples 
displaying such atypical behaviour (along with a typically normally consolidated sample, 
and a typically overconsolidated sample, for comparison) were examined using a reflected 
light microscope. Samples were prepared by mounting an intact piece of sediment 
directly cut from the dredge block (so as to preserve its structural integrity), 
approximately 3 cm x 2 cm with a thickness of no more than 1 cm, with a sufficiently flat 
surface, so that the microscope was able to focus. Samples were imaged in both wet and 
dry states.  
Six samples were selected for this examination. Four exhibited the described atypical 
compressive behaviour, but with a range of initial void ratios (DR005, DR008, DR010, 
DR011), and two for comparisons; DR004 is representative of a sample that is normally 
consolidated, and DR015 of one that is overconsolidated (see Section 3.3.6.1).  
An Olympus BX60 Light Microscope was used, and the 5x and 10x magnification lenses 
(more so for 10x) were deemed the most appropriate for this collection of samples.  
 
3.2.7. Post-Consolidation Foraminifera  
Samples remaining after the oedometer tests (Section 3.3.6) for consolidation were 
disaggregated and examined under the light microscope to determine if foram breakage 
had occurred during the test. .  
The consolidated samples were preserved from the oedometer tests as a single cylindrical 
mass, with variable height due to the different amount of consolidation experienced by 
each sample. They were placed in beakers and topped up to 50 mL with water, and left 
Yu (2018)  Methodology and Laboratory Results 
 
111 
 
overnight for the water to permeate the samples. After this, they were dried in an oven at 
60°C before being inspected with the aid of a binocular microscope.  
 
3.2.7.1. Results  
Following consolidation tests that subjected the dredge samples to confining stresses of 
up to 10 MPa, the compacted and dried samples were re-saturated and disaggregated for 
examination to evaluate the state of the foraminiferal skeletons. Visually, there was no 
apparent change in the samples, i.e. the foraminiferal components remained intact and 
preserved their structural integrity during consolidation. Microscopic views of the 
disaggregated sediment samples before and after being subjected to pressure in the 
oedometer tests are shown in Figure 3.14.  
Some larger skeletal material does become crushed during the oedometer tests – this is 
most apparent in DR012, where skeletons of gastropod, sponge spicules, and pteropods 
are visible in the pre-test image, but are absent from the post-test equivalent. However, 
the foraminiferal skeletons have been largely preserved, as the frequency of appearance 
of intact foraminifera does not appear to decrease significantly after the samples have 
been subjected to compression.   
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Figure 3.14. Microscopic views of SS2013-V01 disaggregated samples before (left) and after (right) consolidation 
during oedometer tests. Blue arrows indicate distinguishable, intact foraminiferal fossils in the pre-testing images; 
red arrows indicate similar fossils in the post-testing images. 
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3.3. Geotechnical Properties  
The wider project of which this study is a part aims to (1) characterise the EACM based 
on its present features and (2) determine how these features evolved. To understand and 
describe processes that shape the margin, mechanical properties of the material of which 
the margin is composed have to be investigated, so as to shed light upon the nature and 
magnitude of forces required to cause submarine landslides. These objectives require 
geotechnical properties data which can be used in slope stability modelling.  
The mechanical properties of the dredge samples were investigated to achieve particular 
objectives: (1) to determine the sediment samples’ cohesion, friction angle, density and 
compaction under load, (2) to test the proposition that deep burial and loading crushes 
foraminifera, and (3) to determine burial depths that the sediments experienced.  
 
3.3.1. Shear Strength Tests 
As defined in Section 2.2.2.3, shear strength is described as the resistance of a material to 
failure in shear, which is a key parameter in determining sediment stability (Craig 2004). 
The samples were tested using the direct shear test, which applies unidirectional shear 
stress using the shear-box apparatus.  
 
3.3.1.1. Direct Shear Test 
Direct shear tests were conducted on the dredge samples in saturated conditions. 
Specimens were oriented with the shear plane oriented parallel to laminations where 
possible (identifiable on limited samples). The two geotechnical parameters obtained 
using these methods are: apparent cohesion, and friction angle.  
In this test, a set of three specimens (of non-lithified sediment) were prepared from each 
of seven dredge samples selected from the SS2008-V12 group. Samples are carved 
precisely to size using a cutter with dimensions of 60 mm x 60 mm x 10 mm, the 
dimensions of the cavity within the shear-box, each specimen of the same sample was 
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confined within a metal shear box, consisting of top and bottom halves of equal height 
that could be split easily, with a small gap between the two to eliminate additional friction 
between the halves. Porous plates and perforated toothed metal plates were used to 
confine the specimen from the top and bottom while allowing free drainage (see Figures 
3.15 and 3.16).  
 
Figure 3.15. Schematic diagram of the shear-box (after Sutton 1986). The shearing force is provided by a motor and 
applied slowly and evenly. A dial gauge within the proving ring measures the horizontal (shear) displacement. The 
change in thickness (vertical displacement) of the sample is measured by another dial gauge. 
 
 
A 
B 
Figure 3.16. A shear-box (A) 
before and (B) after assembly, 
showing (in Figure 3.10A) (from 
left to right): solid plates and 
pressure pad, porous plates, two 
halves of the shear-box, and the 
shear-box container (for keeping 
sample saturated).  
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A pressure pad was placed upon the top of the porous stone and metal plates, and three 
variable vertical loads (N) were applied to each shear box setup. The loads used were 
approximately 200 N (20 kg), 400 N (40 kg) and 800 N (80 kg), corresponding to normal 
confining stresses of 53.1 kPa, 111.3 kPa, and 212.6 kPa respectively. These are designed 
to replicate the conditions experienced by the sediments in their natural setting. Water 
was poured into an outer box to keep the samples saturated. Shear stress was applied in 
the horizontal direction at a constant rate of strain by a pivot to the lower half of the box, 
until the sample failed in shear (i.e. the particles begin to move relative to each other) 
(Craig 2004). The parameters are summarised in Appendix D.2. 
A proving ring measured the applied shear force (τ) and the corresponding shear 
displacement (Δl), and a vertical dial gauge measured the change in sample thickness 
(Δh), relative to the horizontal displacement between the upper and lower parts of the 
boxes (Figure 3.17). Additional parameters to consider are initial thickness (h0), shear 
strain (γ) and volumetric strain (εv), where:  
γ   
Δ 
  
    ;    ε   
Δ 
  
 
 
Figure 3.17. Schematic diagrams of the direct shear apparatus (after Craig 2004). T = shear force, N = normal 
(vertical) stress, Δl = horizontal (shear) displacement, Δh = vertical displacement (from compression or expansion). 
Over this process of gradual, continuous shearing, the shear stress (σ) will increase until 
the point of shear failure; this is described as the sample’s shear strength – namely, the 
amount of shear stress the sample can withstand (by way of intergranular friction, 
interlocking, cementation, and other means of bonding) before succumbing to failure. 
For an initially dense sample, shear stress will rise to a peak before dropping to residual 
value, while undergoing vertical expansion; for an initially loose sample, its shear stress 
(3.2) 
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Figure 3.19. Diagram showing how the values of c and φ can 
be obtained by plotting results of three shear-box tests.  
will peak and then plateau, while the sample undergoes vertical compaction (Figure 3.18) 
(Craig 2004).  
 
Figure 3.18. (left) Stress-strain curve indicating peak and residual strength, and (right) various types of stress-strain 
behaviour  depending on soil type (Mitchell 1993). 
Furthermore, the parameter of 
apparent cohesion (c’) and friction 
angle (φ) can be obtained by 
plotting the shear stress (σ on the 
y-axis) against the shear strain (γ 
on the x-axis). With the three sets 
of results, a line-of-best-fit can be 
drawn, where its y-intercept is the 
apparent cohesion, and the 
gradient of the line-of-best-fit 
gives the friction angle of the 
material (Figure 3.19).  
 
3.3.1.2. Results 
The method of the direct shear test was applied to six samples from SS2008-V12. The 
raw shear strengths for each set of three shear box setups are presented in Appendix D.2. 
The parameters that can be derived from them (apparent cohesion and friction angle) are 
given.  
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Table 3.1 and figures presented in Appendix D.2 summarise the main physical (bulk unit 
density, void ratio) and mechanical (apparent cohesion, friction angle) properties of six 
samples that were deemed to be of a quality appropriate for the direct shear test 
(consolidated, unlithified, can be shaped without remoulding the entire specimen). 
Sample DR2-A is a typical example of hemipelagic drape, and is included here for 
comparison. Both apparent cohesion and friction angle were calculated from peak shear 
strength rather. Void ratio results are presented where applicable.  
I was unable to determine any anisotropy in the samples due to the nature of the 
sampling method (samples are able to roll in the chain bag of the dredge), but samples 
with distinguishable lamination were aligned in the shear-box such that the laminations 
were horizontal. For other samples, repetition of the test on different blocks of the same 
lithology yielded similar and consistent results.  
Table 3.1. Summary of shear strength properties of dredge samples (from SS2008-V12), calculated from the results 
of the direct shear test. 
Sample  
Apparent 
cohesion (c’) 
(kPa) 
Friction angle  
(ϕ) (°) 
Bulk unit 
density 
(kN/m3) (γ) 
Void ratio 
(e) 
DR2-A ––  28.8 10.0 1.50 
DR3-A 17.1 22.4 11.8 1.07 
DR6-D 28.8 31.4 7.1 –– 
DR8 22.5 30.7 9.3 1.67 
DR9-B 20.4 29.6 8.9 1.70 
DR17 40.8 29.4 10.3 1.47 
 
3.3.2. Consolidation and Compression History 
Since many of the samples have been recovered from failure scarps or other surfaces 
exposed by erosion, most have experienced some degree of burial and have undergone 
compression from the weight of overlying material. This pressure can be characterised by 
plotting the change in void ratio (e) over the logarithm of the effective stress (logσ’). The 
shape of the e-logσ’ plot can be used to determine the parameters of compression index 
(Cc), recompression index (Cr), preconsolidation pressure (σ’pc), and the nature of the 
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material’s initial consolidation (Craig 2004). The most common test used to determine 
these characteristics is the oedometer test (Craig 2004, Clarke 2014).  
The preconsolidation pressure is defined as the maximum effective vertical stress 
experienced by a sediment in the past (in-situ), i.e. stress imposed by the overburden. The 
Casagrande Method is used to estimate this property from the e-logσ’ plot.  
Figure 3.20a depicts the characteristic relationship between the two for saturated clay 
during isotropic/normal consolidation. If at some point the effective stress is reduced, 
the clay will expand, but due to changes in soil structure to accommodate the 
consolidation stress, it will not revert to its original structure – that is, the clay is now in 
overconsolidated condition (AB in Figure 3.20b). If from this point the effective stress 
is once again increased, a reconsolidation curve (BA in Figure 3.20b) is followed until the 
clay returns to continuing the normal consolidation curve (AC in Figure 3.20b) (Craig 
2004). For initially overconsolidated clay, the behaviour through consolidation, expansion 
and recompression is depicted in Figure 3.20b (line B-A). As the effective stress exceeds 
the stress to which the sample had been previously exposed, the consolidation curve 
would ultimately join the virgin compression line (Figure 3.20b, line A-C), which 
represents the (almost) linear consolidation behaviour for the equivalent normal 
consolidation (Craig 2004). 
 
Figure 3.20. Consolidation plots showing the void ratio-effective stress relationship of a (a) normally consolidated 
specimen and an (b) overconsolidated specimen during a consolidation test (Mitchell 1993). 
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In the case of specimens recovered from within erosional features (such as exposed slide 
planes and canyon walls) – that is, samples that have been previously exposed to vertical 
effective stress due to burial and are thus overconsolidated – the point at which the 
consolidation curve rejoins the virgin compression curve provides the vertical effective 
stress that the overburden had applied. For this reason, the preconsolidation pressure is 
also known as the maximum vertical effective stress (Craig 2004, Clarke 2014).  
The following equation expresses the relationship between preconsolidation pressure and 
depth of burial (Craig 2004):  
                        
   
    
           
 
where z is the depth of burial (in metres), σ’pc is the preconsolidation pressure, Ƴsat is the 
saturated unit weight of the sediment sample, and Ƴwater is the unit weight of water. For 
the samples in this thesis, seawater is used, for which Ƴwater = 10.1 kN/m3 . 
(3.3) 
Figure 3.21. Annotated con-
solidation curve using para-
meters of typical saturated clay, 
presenting the classical method 
of determining relevant para-
meters as developed by 
Terzaghi (Muhammad 2016). 
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3.3.3. Specific Gravity / Grain Density 
Specific gravity is defined as the ratio of the density of particulate matter in a sediment 
sample to the density (mass of the same unit volume) of water (Clarke 2014). It is most 
commonly determined by the Pycnometer Test, or the Density Bottle Method: each of 
four pycnometers (Figure 3.23A and 3.23B) was filled with 4–5 g of dried sediment 
sample which was ground to a fine powder using a ceramic mortar and pestle. The 
pycnometer was then filled with water to the 50 mL mark, and placed in a vacuum 
dessicator (Figure 3.23C) to remove any air bubbles.  
The specific gravity of each particulate sample is then found using the equation: 
   
             
                           
   
     
                
 
 
Figure 3.22. Schematic diagram showing the content of the four pycnometers. Dark shading = solid sediment 
sample, hatched area = water, white/no shading = air. 
where Gs is specific gravity, Mb is the mass of the empty pycnometer, Ms is the mass of 
the pycnometer with the dry sediment sample, Mw is the mass of the bottle containing 
only 50 mL of water, and Mf is the combined mass of the pycnometer, sediment sample 
and water to the 50 mL volume mark, as illustrated in Figure 3.22. Calibrations were 
made, where the change in the density of water due to temperature was considered.  
Mb                Ms              Mw              Mf 
 
(3.4) 
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Figure 3.23. (A) Pycnometers (B) filled with powdered sediment samples and water, which is then placed in a (C) 
desiccator to draw out any air present in the samples (open desiccator on the left, while the one on the right is 
closed, with pycnometers within. A motor to the left of the image is used to create a vacuum).  
 
3.3.3.1. Results 
The results for specific gravity were consistent across a range of dredge samples, and are 
generally significantly higher than those for wet, packed sand (2.082 g/m3) (AVCalc 
2017). The averaged results of unsaturated tests for seven samples from the SS2008-V12 
voyage are summarised in Table 3.2.  
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Table 3.2. Specific gravity values of the tested dredge samples (from SS2008-V12). As the range of values is small, 
the average of 2.6 was used in subsequent calculations. 
Sample Specific Gravity 
DR1-A 2.45 
DR2-A 2.44 
DR3-A 2.66 
DR6-D 2.64 
DR8 2.58 
DR9-B 2.67 
DR17 2.45 
Average 2.6 
 
3.3.4. Void Ratio  
The bulk density (ρ) and void ratio (e) of each sample were first roughly calculated using 
the dimensions of the shear box samples and their masses; the void ratios were later 
verified using the oedometer test.  
The approximate bulk density, in 
t/m3, of each sample can be found 
using the following equation: 
  
 
 
 
where ρ is the bulk density, m is the 
dry mass of the sample, and V is the 
volume of the sample. The void ratio 
can be calculated using the equation: 
    
  
   
 
where e is void ratio, V is the volume of the sample, Gs is its specific gravity, and m is its 
dry mass. Generally, it is rare for this value to exceed 1, and there is a correlation between 
silt content (relative to sand) and the material’s expected void ratio, which is illustrated in 
Figure 3.24.  
(3.4) 
(3.5) 
Figure 3.24. Experimental range of void ratios with varying silt 
content in a sandy material (Polito & Martin 2001). 
 
(3.5) 
(3.6) 
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3.3.5. Small Oedometer Test 
Oedometer tests were conducted in order to ensure that the estimations of void ratio 
from the shear box tests were valid. Additionally, as some of the dredges were recovered 
from features interpreted as failure scars that were exposed following removal of 
overburden, I assumed that the sediments would have undergone burial and/or 
exhumation. In such cases, oedometer tests can also assist in determining compressibility 
and consolidation (both the magnitude and mechanical behaviour during consolidation) 
of the material, the rate and magnitude of settlement or swelling, as well as the depths to 
which the sediment are buried, and therefore the thickness of the related failure mass 
displaced from the sampled failure scars.  
 
Figure 3.25. Schematic diagram of the small oedometer (after Sutton 1986). The sample here is tested under 
saturated conditions. The loading bar functions as a hanger and weights are added at the bottom. 
 
The sediment sample is prepared using a fitted circular cutter with a diameter of 35 mm, 
and then contained by a stiff metal ring of the same dimensions, so that only vertical 
movement can take place. Porous stone plates are placed above and below the sample so 
that it is free to drain and pore water pressure is able to dissipate. Similar to the direct 
shear test using the shear box apparatus, this entire setup is submerged in a wider ring 
filled with water to keep the sample saturated (Figure 3.25).  
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Figure 3.26. The conventional small oedometer setup, with (A) the 
hanger fully loaded. (B) The exponentially-increasing weights are 
shown. 
 
Incremental stress is applied to the sample by placing 
weights on a ‘hanger’ that is placed over the rings; a 
number of weights are then added cumulatively (Figure 
3.26). Where initially there is an increase in pore 
pressure equal to the stress increment, drainage causes 
the pore pressure to dissipate/decrease and the 
effective stress to increase, until drainage is complete 
and the change in effective stress is everywhere equal 
to the applied total stress– that is, the sediment sample 
consolidates (compacts) as pore water dissipates. 
Using this setup, changes in pore pressure, effective 
stress and ultimate equilibrium can be observed using a 
dial gauge that measures the changes in the sample’s 
thickness over time as a function of increasing stress. 
The final reading that is plotted to calculate void ratio 
is taken after each stress increment setup has reached 
equilibrium (that is, drainage is complete and effective 
stress is equal to the applied total stress). After this, the loads are removed, leaving only 
the hanger. The vertical dial gauge reading is again taken after the system re-equilibrates 
to the reduced load and the sediment sample expands (rebounds), during which water is 
free to return into the sample’s pore space. The wet and dry masses of the sample are 
then recorded. 
B A 
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The void ratio estimated from the oedometer test is given by the equation:  
    
    
  
    
     
  
 
where e is void ratio, Gs is specific gravity of the bulk sample, MH2O is the mass of water 
in the sample, Mw is the wet mass, and Md is the dry mass.   
 
3.3.6. 10:1 Oedometer Test 
In order to provide vertical force, the conventional apparatus of the small oedometer test 
involves applying weights onto a hanger that balances over the cap of the oedometer. 
Seven samples taken from the SS2008-V12 voyage were each successively subjected to 
stresses of 36 kPa, 72 kPa, 144 kPa, and 576 kPa, as described in the previous section. It 
became apparent after analysis of the consolidation curves that these pressures were 
insufficient for the purpose of this study, as the samples had been buried at depths 
greater than the equivalents to these loads, even when accounting for potential rebound 
expansion after the load was removed.  
To address this shortcoming, an oedometer apparatus with a lever system that allows for 
loads to be amplified up to ten times (Figure 3.27) was used to test seven dredge samples 
from SS2008-V12 and ten dredge samples from SS2013-V01. The incremental loading 
frame utilises a lever system which pulls the platform on which the specimen sits 
upwards against a stationary tip that is situated in the centre of the metal cap over the 
sample, thus exerting a downward force onto the specimen according to the load on the 
other end of the lever. This magnifies the applied load by up to ten times depending on 
the position of the pivot along the lever. This setup was used to subject the samples to 
overburden loads of 1–10 MPa, equivalent to burial depths of between 50 m and 500 m 
(see Appendix D.3. for a summary of the applied loads).  
(3.7) 
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Figure 3.27. 10:1 oedometer apparatus capable of load-amplification; schematic diagram shows the key 
components. Magnitude of the amplification is relative to the location of the fulcrum. The dial indicator may be 
connected to a digital logging system (wire connected to system shown in photograph), or may be a dial gauge 
measuring vertical displacement (change in sample thickness).   
  
3.3.6.1. Results: Consolidation Behaviour and Void Ratio 
The results of the oedometer tests are summarised in Table 3.3 (see also Appendix D.3). 
The samples can be divided into three groups based on their consolidation behaviour (see 
Figure 3.28):  
 sample DR004 is normally-consolidated (Figure 3.28A)  
 samples DR012, DR015, and DR021 are overconsolidated (Figure 3.28B) 
 samples DR002, DR005, DR008, DR010, DR011, and DR014 present unusual 
behaviour (Figure 3.28C), and 
 additionally, all of the samples are found to have unusually high initial void ratios. 
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Table 3.3. Summary of consolidation properties and behaviours of dredge samples tested using the incremental 
loading oedometer (from SS2013-V01). 
Locality Sample 
Sample depth 
range (m) 
Preconsolidation/ 
Yield stress (kPa) 
Initial 
void 
ratio 
Consolidation 
behaviour 
Offshore 
Fraser 
Island 
DR002 1668.7–1935.2 700 2.2 Unusual 
DR004 1703.4–1784.5 –– 1.8 
Normally 
consolidated 
DR005 1800–? 500 2.0 Unusual 
Wide 
Bay 
Canyon 
DR008 1192.7–1223.5 700 2.2 Unusual 
DR010 996.4–1092.5 650 1.2 Unusual 
DR011 880–1270 450 1.8 Unusual 
DR012 358–524 800 1.4 Overconsolidated 
DR014 1843.5–2069 1000 1.7 Unusual 
DR015 2357–2514 2000 0.82 Overconsolidated 
Byron 
Slide 
DR021 1126–1312.8 1500 1.25 Overconsolidated 
 
The foraminiferal fossils, which form an integral part of the sediment structure, are 
permeable, meaning that the void ratio values account for not only intergranular voids, 
but also intragranular voids as water is free to move into and out of the skeletons.  
While a few samples exhibit consolidation behaviour that was typically normally 
consolidated or overconsolidated (Figures 3.28A and 3.28B), a significant proportion of 
the resultant e/log σ’ plots show unusual trends, whereby there is minimal compression 
at the start, followed by rapid compression at a critical ‘yield’ pressure, as is the usual 
behaviour of overconsolidated material such as clays (Wesley 2009). However, after a 
period of rapid consolidation, the rate of consolidation decreases again (Figure 3.28C). As 
such, the point of the e/log σ’ plot’s curvature is not necessarily representative of stress 
experienced in previous consolidation (‘preconsolidation stress’), but instead is a point 
where the sediment yields to compression, and thus this point is more appropriately 
referred as the yield stress.  
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Figure 3.28. Three exam-
ples of the various e/log σ’ 
plot behaviours, showing the 
compaction history of (A) 
DR004 (normally consoli-
dated), (B) DR015 (over-
consolidated), and (C) 
DR008 (unusual behaviour). 
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This unusual consolidation behaviour has been hypothesised as the result of structural 
breakdown, and is evident in sensitive silts (Wesley 2009). In Wesley’s (2009) case, 
structure is provided by intergranular cementation. At first it was considered that this 
behaviour might be caused by the collapse of foraminiferal skeletons at the point where 
the compressive forces are great enough to crush the fossils and open their intergranular 
pore space. However, upon examination of the grain-size distributions of these samples, 
there is no direct correlation between the ‘collapsibility’ of the sample and its grain-size. 
Additionally, some samples were disaggregated and examined following consolidation 
during the small oedometer test, and it was found that the foraminifera appear to have 
largely remained intact and unbroken. Therefore, another factor must be responsible for 
the high initial void ratios somehow providing structure for the sediments to withstand 
initial compression. An alternative suggestion for this observation is that the samples 
have experienced weak cementation (see Section 3.3.7).  
The third objective for conducting geotechnical tests was to determine the maximum 
burial depth of samples that were recovered from within what have been interpreted as 
failure/erosional features. As described in Section 3.3.2, an overconsolidated behaviour 
suggests that the specimens have previously been compressed, that is buried or otherwise 
experienced overburden, in the context of this thesis. For the samples described as 
‘cemented’, it is not possible to determine if they have been buried, only that the pressure 
they had experienced was less than that which is required to cause the structural collapse 
seen in the oedometer experiments.  
Based on the experimental results for consolidation stress, and taking into account the 
water depths from which the samples were obtained, none of the samples are considered 
to have experienced overburden of more than a few hundred metres, and most would 
have experienced approximately 100 m of overburden thickness.  
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3.3.7. Reconstituted Test  
Some of the samples exhibit consolidation behaviour that is interpreted as the result of 
the collapse of internal structure (e.g. cementation). To test this hypothesis, a selection of 
the above samples was retested for their consolidation behaviour. To prepare samples, 
post-oedometer test material was disaggregated and mixed with seawater to produce 
moisture contents approximately equivalent to the sample’s plastic limit (a ‘slurry’ 
consistency). These were then gradually consolidated in a brass cylinder of 35 mm 
diameter to ~80 kPa, with pressure applied by loads on a hanger, similar to the setup for 
the small oedometer test (Figure 3.26). The samples were left to settle for two days, and 
then re-tested with the 10:1 oedometer by being progressively loaded until stress reaches 
10 MPa.  
 
Figure 3.29. Oedometer test results (void ratio versus log of vertical effective stress) for intact and reconstituted 
clay samples produced by Yin et al. (2011). Dashed pink line indicates projected consolidation behaviour. 
The results of this experiment produced by Yin et al. (2011) are presented in Figure 3.29. 
An average grain density of 2.64 g/m3 for sand and silt was used in oedometer 
calculations (Mitchell and Soga 2005). Results were obtained by plotting void ratio against 
effective stress at each stress increment after consolidation had ceased. See Appendix D.4 
for a summary of the exact applied loads. 
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3.3.7.1. Results: Reflected Light Microscopy 
Following the compressive tests performed using the small oedometer, six samples from 
the SS2013-V01 collection were selected based on their compressive behaviours. Of 
these, four exhibited unusual behaviour under compression (DR005, DR008, DR010, 
and DR011), and the remaining two were either normally consolidated (DR004) or 
overconsolidated (DR015).  
These six specimens were examined using reflected light microscopy, with the aim of 
establishing the presence, if any, of weak cement between the silty/sandy grains, which is 
able to collapse catastrophically when enough overburden is applied. The samples were 
photographed using a built-in camera, and a set of images recorded for both wet and 
dried (at room temperature conditions). It was discovered that the cement is preserved 
through a cycle of wetting and drying, but the images tend to be clearer when the sample 
is dry. This is because the pore fluids are not present to produce significant reflection, 
which can be confused with mineral particles or cement with metallic or vitreous lustres. 
As such, only images of dry samples will be presented here, unless explicitly stated 
otherwise.  
In Figure 3.30, two 10x magnification images of sample DR004 and DR015 are shown. 
DR004’s (Figure 3.30A) microscopic appearance is rough, with large, interconnected, 
irregularly shaped pore spaces (indicated by black hatching). DR015 (Figure 3.30B), in 
comparison, present no significant pore spaces, and the matrix appears to be relatively 
homogenous and amorphous. A linear feature to the left of the view (indicated in red) 
may be interpreted as a fine fissure that has formed over an iron-rich clast that has at 
least partially been dissolved. These two sets of images are used as reference for a 
normally consolidated material with minimal cement (DR004), and an overconsolidated 
material with strong cement binding the grains together (DR015). The hypothesis is that 
the four sediment samples that display unusual behaviours (DR005, DR008, DR010, and 
DR011) will show fabrics of an in-between nature, with some amount of cementation, 
but not to the degree shown by DR015.  
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Figure 3.30. Microscopic views of (A) DR004 (normally-consolidated) and (B) DR015 (overconsolidated). Two views are shown per sample. Pore spaces are marked (black 
hatching) for DR004. No pore space is visible for DR015; an oxidated fissure is indicated as labelled.  
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The microscopic images of DR005, DR008, DR010, and DR011 are shown in Figure 
3.31, with the discernible pore spaces marked by blue hatching. DR005, DR010, and 
DR011 display a fabric intermediate of the two reference materials, with pore spaces that 
are smaller and/or less densely distributed throughout the sediment’s fabric. Between the 
pore spaces, the surfaces are mostly smooth, more closely resembling the appearance of 
DR015, but with less uniformity, and not all of the sediment grains are surrounded by 
matrix. A ‘fissure’ similar to that in DR015 can also be seen on the surface of DR011 
(Figure 3.31D, red dashed line).  
DR008 (Figure 3.31B) is an outlier amongst these samples, with an appearance that is 
more similar to that of the normally-consolidated DR004. This appearance may be due to 
the sample having a significant coarse fraction, making the specimen notably more 
poorly-sorted.  
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Figure 3.31. Microscopic views of (A) DR005, (B) DR008, (C) 
DR010, and (D) DR011. Pore spaces for DR005 and DR008 are 
marked (blue hatching). (Continued next page) 
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Figure 3.31. (cont.) Microscopic 
views of (A) DR005, (B) DR008, 
(C) DR010, and (D) DR011. Pore 
spaces for DR005 and DR008 are 
marked (blue hatching), and a 
fissure is traced in red (dashed 
line). (Continued from previous 
page) 
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3.3.7.2. Results: Reconstituted Oedometer Tests 
Oedometer tests performed on reconstituted, post-consolidation samples provide results 
that are consistent with partial/weak cementation. The e/logσ’ plots for the four samples 
tested (DR008, DR010, DR011, and DR014) are presented in Figure 3.32, with the 
original oedometer results included for comparison (c.f. Appendix D.4 for numerical 
results).   
The results are consistent with an interpretation of the existence of a certain level of 
structured support in these sediments; its origin may be weak cementation (meaning that 
the cement/structure could be physically broken down by the motion of the spinning 
wheel used to disaggregate the samples for grain-size analysis, or chemically, by the 
dispersant used – c.f. Section 3.2.3), or a cohesive force arising from granular 
arrangements and intergranular friction.  
This experiment confirms the validity of the interpretation of the consolidation curves, 
where the yield stress represents the upper limit of consolidation stress that the samples 
have experienced in-situ (Section 3.3.2). All the samples yield at approximately 600 kPa, 
with the exception of DR014, which yields at approximately 1 MPa; these values 
correspond to between 60 and 100 m of burial depth. All of the plots (Figure 3.32) are 
somewhat similar to the one produced by Yin et al. (2011) (Figure 3.29), with the 
reconstituted e/logσ’ plot being linear and resembling one of normally consolidated 
material.  
However, unlike the results of Yin et al. (2011), the plots of the original and reconstituted 
tests do not converge at higher stresses (except those of DR008, which has been shown 
to be an anomaly when examined with a reflected light microscope, as discussed in 
Section 3.2.6). This is probably because the maximum stresses replicated by the apparatus 
have not reached a high enough value for the plots to converge.  
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  Figure 3.32. Compilation of e/logσ’ plots for the four samples showing ‘unusual’ behaviour, from oedometer tests using post-consolidation, reconstituted material. Consolidation 
curves for the original oedometer tests (Section 3.3.5) are included for comparison. 
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3.3.8. Atterberg Limits  
Atterberg Limits describe critical points at which the water content of a sediment 
specimen causes changes in its rheological behaviour. One of the aims of this thesis is to 
understand how EACM’s unlithified slope sediments are able to remain stable in plastic 
form, or alternatively, undergo a transformation to behave like a fluid in cases of 
disintegrative failure. Two parameters are of particular interest in this respect: plastic 
limit, and liquid limit. From these two parameters, additional properties can be calculated 
to classify the rheological behaviour of a sediment sample.  
Generally, the higher the water content in a sediment sample, the more it will behave as a 
fluid rather than a plastic or brittle substance. The plastic limit is the minimum moisture 
content that a material requires to behave as malleable and plastic rather than brittle and 
friable; similarly, the liquid limit is minimum moisture content that a material requires to 
behave as a viscous fluid rather than a low-viscosity plastic or solid.  
As these values are indicative of critical points at which a sediment sample’s rheological 
behaviour shifts from brittle to plastic, and then from plastic to liquid, the plastic and 
liquid limits can also be considered as the lower and upper limits (respectively) of water 
content within which the material exhibits plastic behaviour. This range of water content 
defines the sample’s plasticity index, that is:  
         
where IP is the plasticity index, wL is the liquid limit, and wP is the plastic limit (Craig 
2004). This value can be used to categorise sediment samples qualitatively based on their 
plasticity. According to Sowers (1979), a material is non-plastic if it has a plasticity index 
of 0–3. With a plasticity index of 3–15, it is considered to be slightly plastic; 15–30 
corresponds to the category of medium plastic, and above 30 categorises the material as 
highly plastic. Plasticity index can also be plotted against liquid limit (Figure 3.33), and 
the nature (particularly texture) of the sediment can be described according to the 
following chart using the Unified Soil Classification System (USCS), where different types 
of fine-grained sediments are classified according to grain-size, organic content, and 
plasticity.  
(3.8) 
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Figure 3.33. The USCS Plasticity Chart. The first letter describes the general grain-size – C for clay, and M for silt – 
or in the case of organic-rich soils, the letter O is ascribed. The second letter describes plasticity – L for low, and H 
for high. In some classification schemes, intermediate plasticity is denoted as I. 
Two lines are used to divide the chart into major zones. The A-line is representative of 
the properties of common geological materials, and separates the zones for clay (above 
the line) and silt (below the line) (except for very low-plasticity material). The U-line 
indicates a limit to the experimental liquid and plastic behaviour of soils found in nature, 
and is used to ensure that the data plotted are correct – any data that plots above the U-
line is most likely erroneous. The area above the A-line with IP between 4 and 7 defines 
the classification zone occupied by silty clays (Soil Conservation Service 1990). 
 
3.3.8.1. Plastic Limit Test 
Plastic limit is defined as the minimum moisture content at which a particulate material 
behaves as a malleable and plastic rather than brittle and friable. To determine this 
property, the roll test (otherwise known as thread test) is used. In this method, the 
sediment is manually broken up in a ceramic dish until it is crumbled, without coherent 
clumps, but without breaking individual particles, and mixed with sea water until it forms 
a homogeneous paste. It is then placed on a glass plate and rolled, by hand, with even and 
uniform pressure, into a thread until it breaks (Figure 3.34). The plastic limit is reached 
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when the thread breaks apart at a diameter of 3 mm, at which stage the sample is 
weighed, dried and weighed again to determine water content. This is repeated four times 
and the three closest moisture contents are averaged for the final result of the sample’s 
plastic limit. If the sample can be rolled into a thread with a smaller diameter than 3 mm, 
it is rolled between the hands to allow some of the moisture to dry off. If the thread 
breaks before reaching the 3 mm diameter, sea water is added to the sample and mixed 
thoroughly, before repeating the process (Craig 2004).  
 
Figure 3.34. (A) An illustration of the roll/thread test, (B) the stages of the sample throughout the test. Left to 
right: Before rolling, maximum length rolled before breakage, after breakage (Integrated Publishing Inc. 2013), and 
(C) a metal thread of 3 mm diameter used for comparing the size of the rolled sediment thread. 
 
3.3.8.2. Fall Cone Test  
Liquid limit is defined as the minimum moisture content at which a material is able to 
flow; its rheological behaviour changes from one of a plastic to one of a liquid. For this 
study, the method of fall-cone tests was used. The apparatus (Figure 3.35) involves the 
sediment sample being prepared as per the plastic limit test, and moulded into a metal 
cylinder with the dimensions of 55 mm in diameter and 40 mm in depth, while ensuring 
there are minimal air pockets trapped within the sample; finally the top is levelled. A 
stainless steel cone with weight of 80 g, length of 80 g, and its point at the angle of 30° is 
positioned so that its tip just touches the centre of the sample’s surface. The cone is 
released and allowed to penetrate the sample for 5 seconds, after which the penetration 
depth is recorded. This is repeated until three results within a range of 0.3 mm are 
obtained. These values are then used to yield the average penetration depth for that 
particular water content. The liquid limit is defined as the water content of the sediment 
at which the cone is able to penetrate exactly 20 mm in 5 seconds (Craig 2004, Powrie 
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2004). The procedure must be repeated at least five times with different water contents in 
order to pinpoint the exact value when the results are plotted and a trend line obtained. 
Again, sea water is added to the samples to increase moisture content.  
 
Figure 3.35. The Fall Cone apparatus, with accompanying diagram indicating the various components (diagram 
from Sutton 1986). The cup in the photograph is empty. During a test, the cup must be filled with the specimen 
until it is level at the top, with the cone then adjusted to be directly above (touching but not penetrating) the 
specimen. The metal rod attached to the dial gauge must be in contact with the top of the cone. 
 
3.3.8.3. Results 
The results for the plastic and liquid limits of the dredge samples tested are summarised 
in the following table; resultant plasticity indices, original water contents for comparison, 
type according to the USCS (see Appendix D.1), and degree of plasticity as classified by 
Sowers (1979) are included.  
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Table 3.4. Tested Atterberg limits and related properties of dredge samples (selected from SS2013-V01) 
Sample  
Liquid 
Limit (%) 
Plastic 
Limit (%) 
Plasticity 
Index 
Classification 
(Sowers) 
USCS Group 
DR002 36.2 20.5 15.7 
Slightly/medium 
plastic 
CL 
(low plasticity clay) 
DR004 85.0 41.9 43.1 Highly plastic 
MH 
(high plasticity silt) 
DR005 70.7 48.2 22.5 Medium plastic 
DR011 82.3 40.7 41.6 Highly plastic 
DR014 80.7 55.8 24.9 Medium plastic 
DR021 67.6 40.1 27.5 Medium plastic 
 
As can be seen from Table 3.4, five of the six samples have medium to high plasticity, 
with some classified as silt whereas others classified as clay. They contain little to no 
organic material, and therefore are classified as belonging in the MH (high-plasticity silt) 
group.  
The highly plastic samples have original water contents beyond their plastic limit, and 
therefore behave plastically, as would be expected. On the other hand, the medium 
plastic samples have original water contents that are below their plastic limits, and thus 
should behave inelastically. This is especially true for DR021, whose original water 
content is far below its plastic limit, and particularly difficult to handle due to its tendency 
to deform in a brittle, inelastic manner. DR002 appears to be an outlier in this 
classification, being significantly less plastic than the rest of the samples, and has a 
lithology more similar to that of hemipelagic ooze.  
The method used here to determine the Atterberg Limits involved remoulding of each 
specimen, thus heterogeneity was less significantly a problem. However, while the 
methodology demands that the sample be remoulded into a homogeneous paste, this was 
particularly difficult for samples that are highly plastic, as the sediment grains were highly 
cohesive and difficult to disaggregate by hand. Most of the larger-grained inclusions 
could be ground up and incorporated into the remoulded paste, but some manganese 
nodules and large fragments of organic matter could not be disaggregated, and had to be 
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removed from the mixture. This may cause the results to be less indicative of the true 
behaviour of the sediment than if it were to retain those inclusions.  
 
Figure 3.36. Atterberg limits results of samples recovered for this thesis (red), those from the upper slope of the 
EACM investigated by Clarke (2014) (blue), and those from the continental slopes offshore Fraser Island 
investigated by Fletcher (2015) (green) plotted on the USCS chart. 
Figure 3.36 compares the Atterberg limits and the plasticity class of the samples 
investigated by this thesis (red markers) with samples from other similarly located studies 
by Clarke (2014, blue markers) and Fletcher (2015, green markers). A third of this thesis’ 
samples are relatively plastic compared with those of the other studies, although still 
belonging in the same MH group. Samples investigated by Fletcher (2015) are especially 
similar to those of this thesis, having been recovered from a range of depths on the 
continental slope. On the other hand, some of Clarke’s (2014) samples lie on the 
boundary between the ML and CL classes, and are comparable to DR002, which is the 
only sample described in this thesis that falls into the (borderline) low plasticity category.  
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3.3.9. Modelling  
Standard bathymetric profiles for all four case study areas (Wide Bay Canyon System, 
Maroochydore Slopes, Tweed Canyon System and Byron Slide, and Clarence Canyon 
Debris Field) were generated using Fledermaus. For sites where failure has already taken 
place, pre-failure slope profiles were inferred from transferring the geometry of adjacent 
stable profiles, assuming similar failure geometry. With this assumption and using average 
profiles, two-dimensional models for the continental slopes can be constructed and their 
stability calculated using the infinite slope analysis detailed in Section 3.3.9.1.  
The volume of the failure mass can be estimated by comparing the pre-failure and post-
failure profiles, and using the difference in areas between the profiles in conjunction with 
the width of the failure, which is provided by bathymetric data (see Figure 3.37). The 
slope modelling methodology used in this thesis is largely adapted from concepts 
developed by McAdoo et al. (2000).  
 
 
3.3.9.1. Infinite Slope Analysis  
GEO-SLOPE/W is a professionally certified and indemnified commercial computer 
package developed by GEO-SLOPE International Ltd., Canada. This program performs 
slope stability calculations under different conditions using a variety of methods, 
including sophisticated variants of the Swedish method of slices and conventions such as 
those of Bishop, Janbu, and Morgenstern-Price (c.f. Lambe & Whitman 1979, Craig 
Figure 3.37. Schematic diagram showing the landslide volume 
calculated as a triangular prism (McAdoo et al. 2000). The method used 
in this thesis is slightly more complex but based on similar principles. 
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2004, GEO-SLOPE International Ltd. 2010). It also enables the evaluation of a number 
of potential triggers, such as point loading, surcharge loading, and seismic loading. The 
program allows input of a number of parameters, which have been determined by 
geotechnical tests to define the sediment properties. The critical parameters (more details 
in Section 3.3.1) are: 
 cohesion (c) = 22 kPa (apparent peak cohesion used) 
 friction angle (φ) = 30°, and 
 unit weight (γ) = 10 kN/m3 (dry bulk unit density used) 
For each profile, the entry (the upslope extent of the failure surface, or where the crest of 
the failure scarp would form) and exit (the downslope extent of the failure surface, or the 
point where the failure mass ‘exits’ the slope) regions are restricted with reference to the 
location of the crown scarps and other features observed from the bathymetric data of 
the local study area. The critical failure surface, i.e. the one with the smallest FoS value, 
with the most realistic geometry (when compared with the real slope profiles), is 
presented. 
A number of assumptions apply to the GEO-SLOPE/W models presented in this thesis:  
1. the sediment column is fully-saturated 
2. the sediment column is exposed to uniform water pressure everywhere 
3. input values for cohesion, friction angle and unit weight are derived from averaged 
experimental results of geotechnical testing: respectively apparent peak cohesion, 
peak friction angle, and dry bulk unit density 
4. the lithology and geomechanical properties are the same throughout the entire 
sediment column, and 
5. the failure mass is mobilised as a single mass with a concave up slip plane 
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3.3.9.2. Back Analysis  
Back analysis is used to establish a possible set of conditions required for failure. In this 
case, the geometry of the slope is reasonably well constrained by bathymetric data, as are 
the physical properties of the slope material (from geotechnical testing). The static 
analyses using these parameters indicated that the slope should be stable, yet the study 
area paradoxically presents many failures, so the purpose of back analysis is to establish 
what values of c and φ applied during slope failure. This is achieved by incrementally 
reducing c and φ (by factors of ½n of the original values) until failure is induced. Only 
one of the two variables is reduced at a time, with the other set at either 0 or at the value 
determined during tests (which is considered the maximum value possible in the sample’s 
natural state and setting). This provides an insight into the conditions required for the 
observed mass failures to take place.   
 
3.3.9.3. Pseudo-Static Analysis  
It is possible to apply horizontal and vertical seismic loads on the slope profiles, including 
seismic coefficients for a pseudostatic analysis (GEO-SLOPE International Ltd. 2010). 
Ground-shake values have been incorporated into the static analysis models to test for 
the magnitude and direction of ground acceleration that would be required for triggering 
slope failure. Horizontal (Fh) and vertical (Fv) forces (in N) are modelled to act at the 
centroid of each slice into which the slide mass has been divided for analytical purposes 
(as seen in the modelling figures), and are defined as:  
   
   
 
     
   
   
 
     
where ah and av are horizontal and vertical accelerations (in m/s2), g is the acceleration 
due to gravity (9.8 m/s2), and W is the slice weight (in N). k is the dimensionless seismic 
coefficient and is defined as a/g (i.e. ground acceleration relative to gravity). This is the 
(3.9) 
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input parameter for the model, which has one in the horizontal direction (kh), and 
another in the vertical direction (kv) (GEO-SLOPE International Ltd. 2010).  
Horizontal seismic forces can have significant and dramatic effects on slope stability. 
Theoretically, FoS should decay exponentially decay as seismic coefficient increases. 
Vertical seismic coefficients have less of an impact on FoS because of the offsetting 
effect between changes in slice weight and simultaneous changes in (frictional) shear 
resistance at the base of the slide. Vertical coefficients can be positive or negative 
depending on the direction in which the seismic force acts, with positive corresponding 
to the downward direction with gravity, and negative to the upward direction against 
gravity (GEO-SLOPE International Ltd. 2010).  
For the purpose of this study, and informed by the method undertaken by Özener et al. 
(2009), kh will be increased from 0.1 to 0.4 with increments of 0.1, against kv of -0.4 to 
0.4, likewise increased with increments of 0.1, in an attempt to gain an understanding of 
slope behaviour under increasing seismic load. Peak/Experimental cohesion (22 kPa) is 
used to describe the material property of the slope sediments, implying that the FoS 
calculated denotes the maximum strength of the slopes rather than the residual strength, 
where cohesion is zero.  
A number of issues must be considered while interpreting the results: during earthquake 
shaking, seismic acceleration only acts for a relatively short period of time (seconds to 
minutes). In reality, when exposed to seismic loading, the FoS can vary dramatically and 
show both an increase and decrease from the static FoS. It is also possible for FoS to 
drop to below 1.0 without incurring catastrophic collapse. Therefore, the results from 
these models should only be used as a reference for a simplified scenario, to give a sense 
of the scale of energy involved in seismically-triggered failures, while considering that 
real-world circumstances and conditions are far more complex and thus unpredictable.  
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3.4. Biostratigraphy  
There are several reasons for the need to establish the age of the dredge sediments. 
Firstly, age intervals may not be consistent with the thickness of the sediment column, 
and this can indicate degree of compaction and/or unconformities and hiatuses, which 
imply erosive events. Secondly, based on the thickness of the sediment column and the 
absolute ages of various layers, one can establish the accumulation rate of the sediments 
throughout a period of time in the area, including rate changes, which may indicate 
environmental change (including changes in sediment supply, climatic events, oceanic 
currents, land-use changes, and tectonics). Thirdly, an age established for a material in 
which a feature occurs indicates the maximum age of the feature (that is, the material has 
to have been there for the feature to be imposed upon it); this is especially important in 
understanding the timing and recurrence intervals of major morphological events in the 
EACM, such as landslides and canyon incision.   
 
3.4.1. Foraminiferal Biostratigraphy 
Previous studies have established that the majority of the sediments of the EACM 
continental shelf and slopes are primarily composed of a mixture of siliciclastic 
terrigenous material and bioclastic carbonate, believed to be of Neogene age, but 
radiocarbon-dead. As there are abundant, well-preserved foraminifera present in samples 
(see Figure 3.38), biostratigraphic dating was used as the primary method to determine 
the age of the sediments.  
Fourteen samples from different lithologies across ten dredges were selected from the 
SS2008-V12 group, and eleven samples from eleven different dredges, as well as two 
samples from a single core recovered from Clarence Canyon (Chapter 7) were selected 
from the SS2013-V01 group. These samples were prepared as detailed in Section 3.2.4 to 
extract the sand-sized (>63 μm) fraction, which is the range of grain-sizes relevant for 
isolating the species of foraminifera of interest. 
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Figure 3.38. Examples of binocular microscopic images of foraminiferous dredge samples from SS2013-V01, after 
the mud-sized fraction was sieved out. Clockwise from top left: DR004, DR012, DR020, DR015. 
 
Foraminiferal biostratigraphic dating and preliminary interpretation of the SS2008-V12 
samples were carried out by George C. H. Chaproniere of the Australian National 
University, and by Stephen J. Gallagher of the University of Melbourne for the SS2013-
V01 samples.  
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3.4.2. Nanofossil Biostratigraphy 
Nanofossil biostratigraphy was used to determine the ages of foraminifera-poor samples 
and to crosscheck the foraminifera-derived biostratigraphy.  
Sample preparation involved taking a small amount of bulk sample from the interior of 
dredge sediment blocks (several mm3). Deionised water is used to dilute the sample and 
the sample is then gently disaggregated by hand using a toothpick, such that the particles 
are dispersed enough to form one single film on a microscope smear slide without any 
particles overlapping; excess water and sediment grains are removed in the process to 
ensure this. A glass cover slip is glued onto the slide. A light microscope with a x100 oil-
immersion lens, under both plane-polarised and cross-polarised light, is used to examine 
the nanofossiliferous material present in the sediment sample, and identify the specific 
components.  
This procedure was carried out by me at the University of Armidale, under the 
supervision of Alan Baxter.  
 
3.4.3. Results  
As mentioned previously, most of the samples are coated by recent hemipelagic drape. A 
complication encountered in preparing samples for biostratigraphic dating is the presence 
of bioturbation and reworking in many samples, potentially introducing younger material 
into the interior of the samples.  
Several samples from both voyages contain fossils representing more than one 
biostratigraphically continuous assemblage; the reason for this will be discussed in later 
sections. All samples from SS2008-V12 contain Pleistocene-aged foraminiferal species in 
addition to older material. Considering their local context, such material is regarded as 
modern contamination due to in-situ reworking or bioturbation, or having been 
incorporated into the sediment samples in the process of sample recovery and 
preparation. As such, the Pleistocene foraminifera are excluded from the tabulated 
summaries. 
Yu (2017)  Laboratory Results 
153  
Most of the dates from nanofossil biostratigraphy match closely with those obtained 
from their equivalent foraminiferal results. DR021 is unique in that it does not contain 
foraminifera, so the only stratigraphic age available is by nanofossil biostratigraphy. By 
this method, DR021 is Early Miocene in age. Samples’ ages are summarised in Table 3.5; 
detailed results are presented in Appendix C.5.  
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Table 3.5. Foraminiferal and nanofossil biostratigraphy of dredge samples. Sample numbers in italics indicate SS2013-V01 samples; others are SS2008-V12 samples. Multiple 
discontinuous assemblages in single samples are shown separately. (Continued next page)  
Sample 
Foraminiferal Biostratigraphy Nanofossil Biostratigraphy 
Biochron 
Geochronometric 
Age (Ma) 
Sequence (Epoch) Biochron 
Geochronometric  
Age (Ma) 
Sequence (Epoch) 
DR012 PT1b 0.45–0 Pleistocene    
DR16A N21 3.25–2.05 Late Pliocene    
DR2A N19–N20 4.60–3.25 Early Pliocene    
DR011 
M13b–M14  
PL2–PL3 
7.89–5.92 4.31–3.77 
Late  
Miocene 
Pliocene 
Eocene–NN7  
NN9–NN10 
56.0–10.75 9.4–8.45 
Eocene–
Late 
Miocene 
Late 
Miocene 
DR014 M13b/M13a–M14 
PL2–PL3 
8.58–5.92 4.31–3.77 
NN5–NN7 15.85–12.2 Middle–Late Miocene 
DR015 NN4–NN5 18.3–13.55 Early–Middle Miocene 
DR004 
M13b–M14 7.89–5.92 Late Miocene 
NN9–NN10 9.4–8.45 Late Miocene 
DR010 
NN7 
NN9–NN10 
12.2–10.75 9.4–8.45 
Middle–
Late 
Miocene 
Late 
Miocene 
DR8m N16–N18 10.95–4.80 
Middle Miocene – 
Late Miocene 
   
DR6D N15–N20 11.40–3.25 
Middle Miocene – 
Early Pliocene 
   
DR9B 
N11–N12 
N16–N18 
13.00–
12.30 
10.95–
4.80 
Middle 
Miocene 
Middle–
Late 
Miocene 
   
DR1    
DR8Ac 
N11–N12 13.00–12.30 Middle Miocene 
   
DR11B    
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Table 3.5. (cont.) Foraminiferal and nanofossil biostratigraphy of dredge samples. Sample numbers in italics indicate SS2013-V01 samples; others are SS2008-V12 samples. 
Multiple discontinuous assemblages in single samples are shown separately. (Continued from previous page)  
Sample 
Foraminiferal Biostratigraphy Nanofossil Biostratigraphy 
Biochron 
Geochronometric 
Age (Ma) 
Sequence (Epoch) Biochron 
Geochronometric  
Age (Ma) 
Sequence (Epoch) 
DR002 
M6/M5b–M6 15.10–14.78 
Middle Miocene 
Eocene–NN1  
NN7 
56.0–23.2 12.2–10.75 
Eocene/ 
Oligocene  
Middle–
Late 
Miocene 
DR008 
Eocene–NN1 
NN8–NN9 
56.0–23.2 11.3–9.4 
Eocene/ 
Oligocene 
Late 
Miocene 
DR005 M5b/M5a–M6 16.27–14.78 NN4–NN5 18.3–13.55 Early–Middle Miocene 
DR17B 
N6–N7 
N18 
18.65–
16.30 
10.95–
5.80 
Early 
Miocene 
Pliocene 
   
DR021    NN4 18.3–15.6 Early Miocene 
DR16B N4B 23.20–21.40 Early Miocene    
DR17 P22 27.00–24.80 Late Oligocene    
DR3A P19 32.00–29.40 Early Oligocene    
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3.4.3.1. Correlation with Burial Depth  
From the profiles and their comparative pre-failure slopes, an estimation of the samples’ 
burial depth can be determined from the depth of the sites below seafloor, which are 
summarised in Table 3.6. See Appendix C.6 for detailed results.  
Table 3.6. Estimated depth below seafloor (burial depth) of the dated samples, based on comparison with local 
intact slopes, arranged by age. 
Sample 
Average Water 
Depth (m) 
Estimated Depth of 
Burial Below 
Seafloor (m) 
Geochronometric Age 
(Ma) 
DR012 441 183 0.45–0 
DR2A 1802 786 4.60–3.25 
DR011 2730 866 7.89–5.92 4.31–3.77 
DR014 1956 428 8.58–5.92 4.31–3.77 
DR015 2436 767 8.58–5.92 4.31–3.77 
DR004 1744 469 7.89–5.92 
DR010 1044 270 7.89–5.92 
DR8m 1800 1266 10.95–4.80 
DR9B 1398 923 13.00–12.30 10.95–4.80 
DR1 1010 472 13.00–12.30 10.95–4.80 
DR8Ac 1800 1266 13.00–12.30 
DR008 1208 137 15.10–14.78 
DR005 1800 243 16.27–14.78 
DR021 1219 816 18.3–15.6 
DR3A 2800 1631 32.00–29.40 
 
There is a loose correlation between burial depth and age, with some of the oldest 
samples estimated to have experienced the greatest depths of burial (e.g. DR3A), and the 
youngest samples generally correlating with the smallest burial depths (e.g. DR012 and 
DR2A). However, there are also many exceptions: for example DR011, the third-
youngest, and DR021, the second oldest, have apparently experienced similar amounts of 
burial. Overall, while some samples display a directly-proportionate relationship between 
the two variables, the pattern is not consistent enough in this set of samples for burial 
depth to be considered an accurate indicator of sediment age.  
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The discrepancy may be due to a number of reasons. Burial depths were estimated by 
comparing profiles of adjacent intact slopes with failure surfaces from which materials 
were sampled, and this can be inaccurate for two main reasons: (1) variations on the scale 
of the sample sites probably cannot be properly resolved by this method, and (2) many of 
the adjacent, ‘intact’ slopes are still quite eroded, which would imply that the samples 
have experienced deeper burial than what this method may suggest.  
 
3.4.3.2. Bimodal Age-Pairs  
Biostratigraphy from samples that returned bimodal foraminiferal ages are summarised in 
Appendix C.7. For the three samples from SS2008-V12 with incompatible age-pairs 
(DR1, DR9, DR17), the common hiatus is between 12.30 Ma and 10.95 Ma (hiatus of 
1.35 Ma); similarly the three samples from SS2013-V01 with incompatible age-pairs 
(DR011, DR014, DR015) share a common hiatus between 5.92 Ma and 4.31 Ma (hiatus 
of 1.61 Ma). The similarity in hiatus between these two groups of bimodal-aged samples 
is interpreted as an indicator that slope failure and mixing of sediments of different ages 
has occurred at least twice in the geological history of the EACM (once at ~10.95 Ma, 
and once at ~4.31 Ma).  
Of the fifteen samples investigated, eight were dated by both methods of foraminiferal 
and nanofossil biostratigraphy. Of these, six samples (DR002, DR004, DR005, DR010, 
DR011, DR014) contain foraminifera and nanofossils yielding compatible ages. Two 
samples (DR008, DR015) yielded incompatible ages.  
By either method, the results indicate that some samples present pairs of inconsistent 
ages. Given that each sample was processed from the interior of a single coherent block 
of sediment, avoiding cross-contamination from other samples. There are several 
possibilities why this might occur. This pairing of inconsistent ages is present for six 
samples (three from each voyage), and it may be the consequence of burrowing, however 
any evidence of this is unrecognised in the samples. In addition, the mixed assemblages 
are comprised of Pliocene and Miocene bioclastic contents, As such the samples are 
considered to be too old for the contamination to be a result of incorporation of modern 
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material by burrowing activity, because modern hemipelagic drape tends to be of 
Pleistocene age. 
Another possibility is the suggestion that remobilised material containing an older 
assemblage has been mixed with younger material. The mixing of assemblages would be a 
consequence of sedimentation processes that deposited the latter sediments. It has been 
demonstrated that mass movements are common on the EACM (Clarke et al. 2012, 
Hubble et al. 2012), and it is therefore likely that material mobilised as a turbidity current 
has incorporated and mixed materials of different ages, with the age of this event being 
no older than the younger sediment age of the pair. Considering this dual-age feature is 
observed in multiple samples from different localities, this model further infers that this 
energetic process acts on a regional scale.  
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Chapter 4 
Wide Bay Canyon System 
This chapter presents the first of four case studies investigating the East Australian 
Continental Margin (EACM)’s submarine landslides. The site of this first case study is the 
Wide Bay Canyon System (WBCS), which features the Wide Bay Canyon (WBC), its 
associated intracanyon slide, and a whole-of-slope slide on the continental slope adjacent 
to the canyon channel. Eight dredge samples have been recovered from this area, which 
enable the geological characteristics of the geomorphic features evident in the 
bathymetric data to be determined. These constrain the factors that preconditioned the 
EACM for slope failure.  
 
4.1. Introduction 
The WBCS bisects the continental slope offshore from central Fraser Island, to the east 
of Wide Bay on the coast of Queensland (QLD), Australia (Figure 4.1). High-resolution 
bathymetric data collected during SS2013-V01 reveal that the continental slope of the 
region presents a well-developed canyon system (Hubble 2013), as well as a number of 
large-scale failure features on adjacent slopes located to the north and south of the 
canyon. The WBCS comprises two canyons with adjacent slides, extending approximately 
40 km along the EACM and transects its 20 km width. Two dredge samples were 
recovered from the northern wall of WBC, and another six were obtained from a crestal 
scarp and the exposed slide scar of the continental slope, located to the immediate south 
of the Wide Bay Canyon (WBC), in water depths ranging from 1100 m to 2500 m 
(Figures 4.2 and 4.3).  
This chapter will present three-dimensional images of the bathymetric data, an 
interpretation of the erosional and depositional history of this section of the EACM, and 
then attempt to determine the timing of major morphological events such as slope failure 
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and canyon incision. It will show that mass wasting in this area has generated impressive 
slide scars that possibly represent ‘whole-of-slope’ failure events.   
 
4.2. Setting of the Canyon and Adjacent Slopes 
The head of WBC is located 65 km due east of the small beach resort town of Eurong, 
which is located on the eastern coast of Fraser Island. Three ‘tributaries’ are developed at 
the heads of the canyon (Figure 4.1). This study will focus on WBC itself and the 
interfluve to its south, between 25°25’S and 25°43’S (Figure 4.1). Local bathymetry was 
mapped during the SS2013-V01 voyage; eight dredge (DR004, DR005, DR008, DR010, 
DR011, DR012, DR014, DR015) hauls recovered rock and sediment samples from 
distinctive morphological features, such as ‘overhanging’ ridges, canyon walls, scarps and 
protruding blocks (Figures 4.2 and 4.3, c.f. Appendix B.2).  
Of the four canyons studied in this thesis, the WBC is the only one that has no evidence 
of connection to onshore rivers. The WBCS study area has been divided into three key 
localities: (from north to south) (1) WBC, (2) Inskip Slide, which is a laterally-extensive 
failure surface located to the south of WBC, occupying most of the continental slope, 
and (3) Tin Can Alley (TCA), a linear gully located on the southern margin of Inskip 
Slide, which traverses the entire length of the continental slope (Figure 4.2) (see Section 
4.4.1 for more detail).  
Previous work (Boyd et al. 2010, Hubble et al. 2016) indicated this section of the margin 
to be representative for the rest of the length of EACM, in the northern part of the 
Tasman Basin (north of the Nerang Plateau). In this region, the EAC is the dominant 
oceanographic driver of shelf processes, and the underlying geological structure of the 
margin is consistent (c.f. Boyd et al. 2004, 2010, Fletcher 2015, Hubble et al. 2016, Clarke 
et al. 2016).  
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Figure 4.1. Bathymetric image illustrating the regional geography of WBCS 
study area (extent indicated by white rectangle) and its position relative to the 
Australian continent (red dot in inset) and Fraser Island.  
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Figure 4.2. Plan view of the WBCS study area, showing the bathymetry of the three main localities described in this case study. From north to south: Wide Bay Canyon (white 
labels), Inskip Slide (black labels), and Tin-Can Alley (blue labels). Scarps of the features are indicated as broken lines; sampling sites are indicated as points. 
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Figure 4.3. Study area of WBCS in oblique view, including dredge tracks (black dot = start, white dot = end) and a representative downslope profile (blue point = continental shelf 
break) showing the average gradients of the continental shelf (green) and continental slope (red). 
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4.3. Methodology 
Detailed information about the methodologies employed in this study is provided in 
Chapter 3. Specific points of clarification are provided below.  
 
4.3.1. Sampling  
The eight dredges successfully recovered from this area were mainly collected from well-
exposed features to ensure that the material collected was not surficial drape, but 
comprised basement rocks, underlying stratified material and/or partly-lithified 
sediments. Specific dredge paths and sample sites are shown in Figures 4.2 and 4.3.  
 
4.3.2. Modelling  
As described in Section 2.3.3.1, failures found on the middle and lower slopes of the 
EACM tend to be rotational slumps. In the language of modelling, they can be described 
as relatively shallow-seated, with a circular slide surface.  
The characteristics and the conditions required to enable the shallow and circular infinite 
slope failures evident in the walls of WBC and the adjacent slope to the south were 
investigated with geomechanical modelling software. The initial hypothesis was based on 
the assumption that the slope to the north of WBC is relatively intact and representative 
of the morphology of the original, unfailed local slope. Six downslope bathymetric 
profiles were selected to show the geometry of the margin from the upper slope to the 
abyssal plain (Figure 4.4, marked in blue). These were aligned with each other using the 
shelf break as a common inflection point, to obtain an average intact slope profile. The 
slide presented on the slope south of WBC, named Inskip Slide by Hubble et al. (2016), 
was similarly investigated with five downslope profiles (Figure 4.4, marked in yellow).  
The differences of their cross-sectional area between the average intact/unfailed slope 
profile and the average failed slope profile were first used to estimate the total volume 
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lost through slope failure. The averaged failed slope profile was also used to reference the 
geometry of the slip surface in GEO-SLOPE/W modelling. 
 
Figure 4.4. The six profiles (blue lines) taken down the ‘intact’ slope to the north of WBC (light shading) and the 
five profiles (yellow lines) taken down Inskip Slide (dark shading), used to compute profiles for modelling. 
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4.4. Results  
4.4.1. Morphology  
4.4.1.1. Wide Bay Canyon  
The high-resolution bathymetric data are considered sufficient for describing the general 
morphology of the study area. The lack of an obvious connection to an onshore river 
system and the extensive smooth expanse of continental shelf to the west of WBC 
suggest that it is a shelf-incising canyon with no clear connection to major river systems 
according to the classification scheme of Harris et al. (2014). It can be seen in Figure 
4.5A that the head of the canyon incises 7.5 km (horizontally) into the edge of the 
continental shelf, and the continental shelf has no apparent sign of riverine connection 
between the coast and the head of WBC (see Figure 4.1). It is possible that an outlet of 
the Great Sandy Strait (Figure 4.1) once supplied sediment to the head of the canyon 
when sea level was much lower during glaciation, but this connection has since been 
drowned and inundated by more recent shelf sediments.  
Puga-Bernabéu et al. (2011) offered another classification scheme for canyons which 
links their morphology to their maturity, inferred by the area of the continental slope they 
incise, and the depth of the incisions (see Figure 2.12). Based on its appearance, the WBC 
can be classed as ‘mature’ (‘Phase 3’), where the canyon head has incised beyond the shelf 
break. There are at least eight tributaries with ‘dendritic’ appearance that suggests an 
influx of shelfal sediments into the canyon that eroded these features (Harris et al. 2014) 
(Figure 4.5A, indicated in black); see below for further explanation). A number of linear 
and sub-linear erosive features (e.g. gullies, small narrow slumps) also supply upper and 
middle slope material into the main canyon channel from the sides (Figure 4.5A, 
indicated in yellow). The canyon channel reaches its maximum incision depth of 1200 m 
at 10 km from its head (Figure 4.5A, indicated by black arrow). The channel thalweg 
(Figure 4.5A, indicated as white dotted line) measures 3.2 km in total length, from the 
head of the canyon (330 m water depth) to where it terminates at the abyssal plain (3970 
m water depth). The distance between the head and the abyssal plain outlet of the canyon 
is 3.1 km, thus giving way to a channel sinuosity of 1.23. 
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Figure 4.5. Morphological features of WBC, showing sample locations (black points) 
and (A) the main (black bold line) and secondary (black dotted lines) tributaries at the 
canyon head, major failure scarps (pink and red broken lines), linear intracanyon 
striations (yellow broken lines), canyon thalweg (white dotted line), an abyssal 
depocentre (green dotted line), (B) bearings and lengths of canyon reaches (‘R’), and 
positions of the points of inflections/bends (‘B’).  
 
Yu (2017)   Wide Bay Canyon System 
168 
The main tributary of WBC can be identified (Figure 4.5A, indicated as bold black line), 
but there are also at least seven smaller yet prominent lobe-shaped erosive features 
adjacent to this main tributary (Figure 4.5A, indicated as black dotted lines). These have 
been interpreted as slump scars with potential for developing into significant tributaries. 
The main tributary is extensively incised westwards from 7.5 km from the headwall, at 
water depth of 1500 m.  
The long profile of WBC’s channel (Figure 4.6) is generally smooth, linear progression 
from head to mouth from a depth of approximately 900 m, which is the point from 
which a singular major canyon channel can be distinguished from the multiple rills in the 
dendritic canyon head. To the west of this point, the long profile shows that the dendritic 
incisions tend to have steeper slopes, which is consistent with surface calculation results 
of slope gradient, as shown in Figure 4.7. The long profile is very slightly concave 
upwards, further supporting an interpretation that the system is overall erosive (Gerber et 
al. 2009).  
Figure 4.6. Down-channel long profile of WBC (as in Figure 4.5A), showing a largely linear down-canyon 
development.   
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The sharpness of the incisions and the roughness of the main tributary present a 
morphological contrast with the relatively smooth main canyon channel and its bounding 
walls (Figure 4.7C). Based on their sharper, rougher morphology, the tributaries are 
interpreted to be morphologically younger than the main canyon channel, suggesting that 
the tributary developed after the canyon channel – that is, WBC was initially formed on 
the middle slope as a blind canyon without connection to shelfal or terrestrial processes. 
Another possibility is the tributaries experience erosional sedimentary forces, while the 
channel surface experiences a depositional one. Both interpretations imply that WBC has 
extended shoreward (westward) over time, progressively incising into the continental 
slope, if the initial assumption is correct.  
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Figure 4.7. Surface statistics of WBC showing (A) extents of WBC (dashed line) and position of the thalweg 
(dotted line) (for reference purposes), (B) slope gradient, and (C) rugosity (roughness). 
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Figure 4.8. Cross-canyon profiles down the channel of WBC, shown (A) from above and (B) from an oblique 
view, where selected profiles are isolated for clarity. These profiles are plotted by aligning them along the thalweg, 
and are colour coded for each reach as identified in Figure 4.5B (R1 = blue, R2 = pink, R3 = green). (Continued 
next page) 
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Figure 4.8. (cont.) Cross-canyon profiles down the channel of WBC, shown 
(A) from above and (B) from an oblique view, where selected profiles are 
isolated for clarity. These profiles are plotted by aligning them along the 
thalweg, and are colour coded for each reach as identified in Figure 4.5B (R1 = 
blue, R2 = pink, R3 = green). (Continued from previous page) 
Cross-canyon profiles 
(Figure 4.8, Appendix 
A4) show that the canyon 
exhibits a V-shaped cross 
section for the two most 
westerly reaches. The 
canyon is U-shaped in its 
most easterly reach. This 
latter area at the toe of 
the slope would be the 
location where deposition 
of sediment transported 
through the canyon 
would normally be 
expected (De Pippo et al. 
1999). However, the 
absence of a depositional 
fan or lobe at the site, 
and the presence, instead, 
of a depression in the O–
O’ section suggests that 
as a sediment-starved 
margin, no fan has been 
able to progress this far, 
as erosion and removal of material is the dominant control on the morphology of this 
canyon.  
From the head of the canyon, the thalweg trends east-southeastwards for 6.9 km, and 
then bends to the northeast. After 10.2 km (Figure 4.5B), the thalweg bends towards the 
east, continuing in this direction until its outlet to the abyssal plain. The canyon floor 
begins to change from V- to U-shaped at the R1/R2 inflexion point (Figure 4.5B, 
indicated as ‘B1’). At the mouth of the canyon is an elliptical depression (Figure 4.5A, 
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indicated in green dotted line). Hubble et al. (2016) described it as a significantly-sized 
feature, 150 m deep, 3 km x 1 km wide, surrounded , and almost enclosed, by a 70 m 
high wall (c.f. Appendix A.4). This is interpreted as a depositional site for canyon fill, 
though it is currently unfilled. 
 
Figure 4.9. Average slope angle of canyon walls plotted against the depth of the adjacent canyon axis. Reaches (R) 
and bends (B) as identified in Figure 4.5B are indicated. 
The average slopes of the canyon walls are typically 5.5–7.5°, with a slightly decreasing 
trend from canyon head to canyon mouth. The mid-canyon wall slopes are slightly higher 
between the first and second bends (Figure 4.8). The slopes of both canyon walls and 
their progression down-canyon are presented in Figure 4.9 (c.f. Appendix A.4). The 
morphological features identified and described for WBC are summarised in Table 4.1.  
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Table 4.1. Summary of morphological characteristics of WBC.  
Morphological 
Feature 
Characteristics 
Canyon head 
Several coalescing amphitheatres with superimposed dendritic 
‘drainage’ channels (Figure 4.5A, black bold and dashed lines) 
Cross-section 
profile 
V-shaped at western upslope, and progressively becoming more U-
shaped with increasingly wide canyon floor towards the east (Figure 
4.8) 
Width 
Increasing downslope until 10 km from the canyon head, where it 
reaches a maximum width of 17.5 km where the Wide Bay Slide is 
located, from which point it decreases until the abyssal plain (Figure 
4.8) 
Canyon floor 
slope 
Increasing slightly from the point at which the canyon’s profile 
becomes U-shaped (1 km wide) until it reaches 2 km depth at the 
abyssal plain (Figure 4.8) 
Canyon floor 
slope 
9° from the head until the point at which the canyon floor opens, then 
approximately 4° for the rest of the canyon’s length (Figure 4.7B) 
Canyon wall 
gradient 
Northern wall: 5.3–7.9°  
Southern wall: 5.5–7.5° (Figures 4.8, 4.9) 
Incision 
Increasing from 0 to 1200 m at the point of the canyon floor opening, 
constant depth (~1000 m) until the mouth of the canyon (Figure 4.8) 
Depth 330 m (headscarp) – 3970 m (abyssal plain opening) (Figure 4.8) 
Straight 
length 
22 km 
Total length 27 km 
Sinuosity 1.23 
Number of 
tributaries 
Upper slope: 7 (Figure 4.5A, black lines) 
Northern wall: 13; Southern wall: 14 (Figure 4.5A, yellow lines) 
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4.4.1.2. Wide Bay Slide  
Along the northern wall, in water depths ranging from 800-2350 m, is a lobe-shaped 
cavity (Figure 4.5A, crown scarp indicated by pink dashed line). Adjacent to and 
downslope of this feature, at approximately the same depth with the intact slope to the 
north of the WBCS, is a linear scarp that extends down the length of the continental 
slope tapering out to be level with the slope surface at a depth of approximately 2200 m 
(Figure 4.5A, indicated by red dashed line). This feature may be the headscarp of a single 
mass wasting event, or the scarps of a series of continuous smaller failures that have 
connected. This feature is referred to as the Wide Bay Slide, the scarp line is oriented 
parallel to the thalweg, suggesting that its formation was related to canyon incision. 
DR004 and DR005 were recovered from this feature, at water depths of 1700 m and 
1800 m respectively (Figure 4.5A, indicated as black points). The southern wall of the 
canyon system, in contrast, hosts a number of small (0.5–1 km wide), arcuate headscarps 
and erosional rills, which are less deeply incised than those on the northern wall (Figure 
4.5A, indicated by yellow dashed lines).  
 
4.4.1.3. Inskip Slide  
The Inskip Slide (Figures 4.2 and 4.11) is named for its location offshore from the 
peninsular city of Inskip. The western limit of Inskip Slide is located at approximately 600 
m water depth, where it is marked by a headscarp (Figure 4.11, indicated by white dashed 
lines). The headscarp is approximately 40 km long, sub-parallel to the shelf break. The 
scarp is a composite curvilinear feature, comprising at least five coalescent, arcuate 
secondary scarps (Figure 4.11, indicated by red and blue dotted lines and labelled I–V). 
The slide is adjacent to the more dissected Fraser Slopes to the north (Fletcher 2015, 
Figure 4.10). While the Fraser Slopes incise deeply into the upper slope, they are bounded 
and blocked from further westward progression by the Miocene reef edge (Figure 4.10).  
Because of the continuous headscarp, it is proposed that Inskip Slide is likely to be a 
series of ‘whole-of-slope’ failures, which was subjected to similar regional morphological 
forces as those experienced by the Fraser Slopes after failure. In contrast with the Fraser 
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Slopes and the WBC, however, the Inskip Slide headscarp lacks the dendritic structure at 
its head, suggesting that it is a slope-confined feature. The scarp is bound by the southern 
wall of WBC to the north, Tin Can Alley to the south, and is intercepted by the Inskip 
Gully near its southern extent (Figure 4.10).  
 
Figure 4.10.  Morphology of Fletcher’s (2015) study area, showing the Fraser Slopes and this thesis’ IS feature 
(edited from Fletcher 2015).   
Downslope of this headscarp, the gradient is higher than that of the upper slope (Figure 
4.12B), and the slope surface is marked by long, linear rills that span the entire downslope 
length of the eroded surface. These downslope striations (Figure 4.11, indicated as yellow 
dotted lines, and Figure 4.13, indicated as yellow dashed lines) are longer, more deeply-
incised and closely-spaced in the lower section of the slope, and some give way to small, 
amphitheatre-shaped excavations at the foot of the slope (Figure 4.11, indicated by green 
dotted lines). The increasingly rough, steep, and dissected appearance of the failure 
surface towards the east suggests that bottom-up erosion has been active since the failure, 
an interpretation consistent with the slope-confined morphology of the slide. There is a 
notable absence of any depositional structures at the foot of the slope, which may be the 
result of bottom currents or other sources of deepwater erosion.  
DR008 and DR010 were recovered from the Inskip Slide headscarp (Figures 4.2 and 4.3). 
DR014 and DR015 were recovered from the most deeply incised of the downslope 
striations (measuring ~1 km in width), at depths of 1850 m and 2350 m, respectively 
(Figures 4.2 and 4.3). 
Yu (2017)   Wide Bay Canyon System 
177 
 
Figure 4.11. Morphological features of Inskip Slide, showing the main failure headscarp (white dashed lines), 
arcuate scarps (red and blue dotted lines), linear rills (yellow dotted lines), lower-slope slumps (green dotted lines), 
headscarps (black dashed lines) and thalwegs (black dotted lines) of the Inskip Gully and Tin Can Alley.  
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Figure 4.12. Surface statistics of Inskip Slide showing (A) extents of the failure and position of TCA thalweg (for reference purposes), (B) slope, and (C) rugosity (roughness).  
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4.4.1.4. Gullies and Runnels  
Beyond the middle slope of the WBC (water depth ~1500 m), many smaller gullies and 
runnels feed sediment and water over the heads of the canyon walls and slide surface, and 
into the main canyon channel; these are most apparent downslope from the Wide Bay 
Slide headscarp (Figures 4.5A and 4.13A, indicated by yellow dashed lines). Similar 
features are present downslope to the east of the Inskip Slide headscarp (Figures 4.11 and 
4.13B, indicated by yellow dashed lines). 
These gullies and runnels appear to have developed subsequent to the incision of Barwon 
Canyon and the failure of the Wide Bay Slide. They are likely to have developed in a 
bottom-up manner, associated with canyon flow. The downslope runnels present on the 
lower portion of the Inskip Slide failure surface are morphologically similar, suggesting a 
bottom-up formation process, for the Inskip Slide, this is probably driven by bottom 
currents eroding the foot of the slope, as mentioned in Section 4.4.1.3.  
These runnels of both sites are similar in size – usually no more than 1 km wide, but their 
distributions differ: for the Wide Bay Slide, they are more commonly spaced 0.5–1 km 
apart (Figure 4.13A), whereas for the Inskip Slide they are approximately 2 km apart 
(Figure 4.13B). However, the Inskip Slide slope is rougher, and because of this, individual 
runnels are less easily-resolved.  
To the south of Inskip Slide, at 25°43’S and 25°48’S, two larger gullies: Inskip Gully and 
Tin Can Alley (Figure 4.11, indicated by black dotted lines), incise into the slope. These 
features are morphologically similar to the WBC, with linear channels forming ‘dendritic’ 
patterns at their heads as they incise into the continental shelf (Figure 4.11, indicated by 
black labels). This pattern has previously been interpreted as top-down incision by 
turbidity currents. Tin Can Alley in particular has a weakly meandering form, with a 
sinuosity of 1.004. From the heads of these gullies, samples DR011 and DR012 were 
recovered (Figure 4.11, indicated by black dots).  
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  Figure 4.13. Linear runnels/downslope striations (rills, ‘R’) presented on the failure surface of (A) Wide Bay Slide (overleaf) and (B) Inskip Slide, with the striations indicated by 
yellow dashed lines in the bathymetry, and blue dashed lines in the profiles (which are indicated as black bold lines). Also indicated are: slide scarps (red dashed lines) and sample 
sites (white dots with labels). (Continued next page) 
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Figure 4.13. (cont.) Linear runnels/downslope striations (rills, ‘R’) presented on the failure surface of (A) Wide Bay Slide (overleaf) and (B) Inskip Slide, with the striations 
indicated by yellow dashed lines in the bathymetry, and blue dashed lines in the profiles (which are indicated as black bold lines). Also indicated are: slide scarps (red dashed lines) 
and sample sites (white dots with labels). (Continued from previous page)  
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4.4.2. Sedimentology  
 
Figure 4.14. Summary of grain-size distribution of the dredge samples recovered from the WBCS. 
The sediments recovered from all the dredge sites in the WBC area are partially-
consolidated, hemipelagic sandy-silts, with abundant foraminifera. The samples are 
homogenous in appearance and contain evidence for bioturbation in the form of calcified 
burrows and mottling (Section 3.2.2.1, Figure 4.15). In some samples, minor amounts of 
manganese oxy-hydroxide are present, in the form of grain coating, sediment mottling, or 
distinct manganese micro-nodules.  
The grain-size distribution of these representative sediments are typical of silty-sand 
(DR004, DR005, DR010, DR011, DR012, DR014) or sandy-silt (DR008, DR015) (Figure 
4.14). These distributions are similar to the range of grain-sizes present in more recently-
deposited material recovered in gravity cores (Clarke et al. 2016), suggesting that 
sediments from the two types of sampling sites share similar sedimentary histories. A 
proportion of clay is always present, though it is typically small, between 0.6% and 4.2%. 
This distinct bimodality in grain-size distribution suggests that there are two major 
mechanisms for deposition, with currents (downslope, across-slope, and base-of-slope) 
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depositing the coarser fraction, and hemipelagic deposition responsible for the finer 
fraction.  
 
Figure 4.15. Consolidated sand/silt material recovered by DR011, showing mottling, burrowing, and the remnants 
of a seastar within one of the burrows (inset).  
Material collected from WBC 
is generally lithologically and 
sedimentologically uniform 
(commonly homogeneous, 
with no layering) – calcareous 
sandy-silts that are largely 
fossiliferous. At the three 
northernmost sites (DR004, 
DR005, DR008), the dredges 
returned small amounts of 
well-lithified and cemented 
rocks: stratified sandstone for 
DR004 and DR005 (Figure 
4.16), and fine-grained 
Figure 4.16. Well-lithified, medium-grained, well-sorted greyish-yellow 
sandstone recovered by DR005. 
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calcarenite for DR008. These samples are thought to be representative of the upper-most 
material of which the post-rift continental basement is comprised. Such material could 
have been exposed with the scarp-like feature from which these samples were dredged 
(the Wide Bay Slide headscarp for DR004 and DR005; Inskip Slide head-scarp for 
DR008) (Figures 4.5, 4.11). The presence of lithified rocks at these locations support 
their interpretation of the morphology as the headscarps of a slide, which can then act as 
a resilient physical boundary limiting further the upslope extension of the failures.  
 
4.4.3. Geotechnical Properties  
The degree of overconsolidation is variable across samples, but all samples except DR004 
are shown to have experienced a pressure (pre-consolidation stress) of 450 kPa (DR011, 
Figure 4.17A), and up to 2.5 MPa (DR015, Figure 4.17B). This is equivalent to burial 
depths of between 200 m and 900 m, assuming average overburden density of 0.1 g/cm3 
for every metre of burial (Clarke 2015).  
The void ratios measured for these sediments are relatively high in comparison to typical 
void ratios, which are 0.4–0.85 for fine sands, 0.33–0.98 for silty-sands, and 1.14–2.1 for 
highly-plastic inorganic silts (Swiss Standard n.d., Das 2008). This is attributed to the 
abundant presence of foraminifera (see Section 3.3.6.1). Partial cementation, where 
present, is also likely to have preserved pore spaces that would have otherwise been filled 
during sedimentation and compaction, and contributed to the high initial void ratio.  
Most of the sediments sampled display a highly plastic behaviour (see Section 3.3.8.3). 
This suggests that slope material is unlikely to flow unless exposed to significant 
destabilising forces.  
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Figure 4.17. Consolidation history of (A) DR011, with pre-consolidation stress interpreted as the point of greatest 
curvature (‘yield stress’) in the consolidation curve, and of (B) the overconsolidated DR015, with pre-consolidation 
stress computed as per the Terzaghi method (see Figure 3.14), where a series of lines are drawn in order: (1) a 
horizontal line from the point of greatest curvature, (2) the tangent to this point, (3) a bisector of 1 and 2, (4) the 
‘virgin compression line’ (5) the intersection between 3 and 4 indicate the maximum pre-consolidation stress 
experienced by the sample.  
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Table 4.2. Summary of sample behaviour when exposed to consolidation stress. See Section 3.3.6.1 for discussion 
and interpretation. 
Sample 
Sample Depth  
(m) 
Preconsolidation 
Stress (kPa) 
Initial 
Void Ratio 
Consolidation 
Behaviour 
DR004 1703.4–1784.5 –– 1.8 Normally consolidated 
DR005 1800–? 500 2.0 Cemented 
DR008 1192.7–1223.5 700 2.2 Cemented 
DR010 996.4–1092.5 650 1.2 Cemented 
DR011 880–1270 450 1.8 Cemented 
DR012 358–524 800 1.4 Overconsolidated 
DR014 1843.5–2069 1000 1.7 Cemented 
DR015 2357–2514 2000 0.82 Overconsolidated 
 
Table 4.3. Parameters that describe the liquid/plastic behaviour of the sediment samples. 
Sample 
Liquid 
Limit (%) 
Plastic 
Limit (%) 
Plasticity 
Index 
Original Water 
Content (%) 
USCS 
group 
DR004 85.0 41.9 43.1 64.7 MH 
DR005 118.5 68.7 49.8 76.9 MH 
DR011 82.3 40.7 41.6 62.1 MH 
DR014 80.7 55.8 24.9 54.7 MH 
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4.4.4. Biostratigraphy 
The foraminifera present in some of the samples yield distinct age ranges, and appear to 
be coherent with their locality and spatial relationships. Table 4.4 and Figure 4.18 
summarise the ages of the samples and their context:  
Table 4.4. Biostratigraphy of the foraminiferal fossils within the dredge samples.  
Sample Biochron Geochronometric Age (Ma) Sequence (Epoch) 
DR012 PT1b 0.45–0 Pleistocene 
DR011 
M13b–M14 
PL2–PL3 
7.89–5.92 4.31–3.77 
Late  
Miocene 
Pliocene 
DR014 M13b/M13a–M14  
PL2–PL3 
8.58–5.92 4.31–3.77 
Late  
Miocene 
Pliocene 
DR015 
DR004 
M13b–M14 7.89–5.92 Late Miocene 
DR010 
DR008 M6/M5b–M6 15.10–14.78 Middle Miocene 
DR005 M5b/M5a–M6 16.27–14.78 Middle Miocene 
 
 
Figure 4.18. Biostratigraphic ages of WBCS samples. Age-pairs (two assemblages contained in a single specimen) 
are indicated with a line dividing the two ages. 
Yu (2017)   Wide Bay Canyon System 
188 
Biostratigraphic dates determined from foraminifera extracted from these samples 
indicate that all the samples were deposited between the Middle Miocene and Late 
Pliocene epochs (M6-PL2 – 16.27-3.77 Ma), implying that incision and re-exposure of 
this section of the margin and the formation of the erosional features took place no 
earlier than the end of the Pliocene.  
Dredge samples DR011, DR014, and DR015 contained ‘bimodal’ or ‘dual-age’ 
biostratigraphic assemblages of the type described in Section 4.3.3.2. The fossils are of an 
older Late Miocene age and younger Pliocene age, each separated by a distinct gap of ~2 
Ma. The age of deposition of this composite material is interpreted to be the younger of 
the two, with the older assemblage derived from elsewhere, having been transported to 
the depositional site, and mixed with the younger material – i.e. sediment containing both 
the older and younger assemblages was mobilised and deposited at the dredge sites.  
 
4.4.5. Modelling 
The Inskip Slide has been chosen as a prime candidate for slope stability modelling 
because of several reasons: (1) it is laterally extensive, allowing for multiple profiles to be 
sampled, (2) it is directly adjacent to relatively intact slopes, which are likely to resemble 
pre-failure geometry of the Inskip Slide, and (3) it appears to have failed as either a single 
infinite slope failure, or a series of successive failures.  
Within the study area of the WBCS, the continental slope is obviously dissected to the 
south of the canyon, while being generally mostly intact to the north. Six profiles that 
were created from the intact intercanyon slopes to the north of WBC (Figure 4.4) showed 
little variation, and an average slope was computed (Figure 4.19). In a similar manner, 
five profiles were taken from Inskip Slide to generate an average slope profile. These are 
approximately evenly spaces, though exceptions were made in order to avoid profiles 
with small-scale, local features that may skew the average geometry of the profile, such as 
steps and depressions.  
Following the methodology developed by McAdoo et al. (2000) and McAdoo & Watts 
(2004), if one assumes that the average profile of the EACM to the north of the WBC is 
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intact and that a similar profile would have been present across the area where the Inskip 
Slide now sits, then comparison between the two present-day average profiles will enable 
an estimate of the volume and geometry of the removed mass. It can be seen from the 
average profile in Figure 4.19 that despite being relatively intact, there is still a notable 
increase of slope at 2500 m water depth and below. 
The gradient of the slope of Inskip Slide flattens out at the foot, except for a small local 
high just before the continental slope tapers off into the abyssal plain (Figure 4.19). There 
is also a middle slope step-like feature at approximately 1800 m water depth (Figure 4.19). 
Whether or not this is a particularly resistant part of the slope is not clear; it may be a 
slump block that has disintegrated, or a hummock representing internal deformation.  
 
Figure 4.19. Comparison of the pre-failure reconstructed profile (averaged from blue profiles in Figure 4.4) and 
post-failure profile (averaged from yellow profiles in Figure 4.4) of Inskip Slope. 
The two profiles – before (represented by the average of the six profiles to the north of 
the WBC) and after (represented by the average of the five Inskip Slide profiles) failure – 
can be aligned with one another (in this case, by the point at which the continental slope 
begins) (Figure 4.19) and the difference between the profiles is inferred to indicate the 
volume/cross-sectional area of the material that has been removed. The volume of this 
material can be calculated by multiplying together the difference of the areas under the 
two curves, and the width of the slide (i.e. across-slope dimension). The final difference 
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in area under these two profiles is 15.4 km2, which, when multiplied by the width of the 
headscarp of Inskip Slide (~18 km), gives a total difference volume of 277 km3. It is 
speculated that this failed material has disintegrated and spread over a large area, thus no 
sediment pile has been identified immediately downslope of the slide, or has been 
deposited further away from shore in the abyssal plain that has yet to be identified.   
 
4.4.5.1. Static Analysis 
By constructing a 2-dimensional model of the intact profile in the above figure and 
restricting the entry and exit points (Figure 4.20, pink + and Ɨ markers, respectively) of 
the slip surface according to the failed profile, it is possible to approximate the pre-failure 
profile of the slide and get an idea of the magnitude of forces that would have been 
involved in its failure. If the slip surface is considered to have been generated in a single 
event, the FoS is quite high, at 5.026 (Figure 4.20). However, given the existing model for 
the margin and implications from other failures in the area, it is also possible that the 
failure had initiated at the eroded toe of the slope, and retrogressed upslope. The model 
was then rerun with the entry point of the slip surface extended to the middle or even 
lower slope, but still produced FoS of no less than 2.6. As such, it is evident that under 
static conditions, even with cutting of the toe, the Inskip slope was highly unlikely to fail.  
 
 
  
Figure 4.20. Static analysis of Inskip Slide with the assumption that (A) the failure mass was lost in a single event 
and (B) the failure initiated with toe erosion. Magenta labels indicate the restricted range of entry (+) and exit (Ɨ) 
points. Yellow regions indicate the pre-failure geometry, black bold lines indicate present, post-failure profile, and 
green regions indicate the failure mass. 
A 
B 
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4.4.5.2. Back Analysis 
The values for c and φ were then varied between zero and the experimental value 
(maximum) in turn, in an attempt to determine the approximate amount of strength 
decrease the sedimentary column would have had to undergo before ultimate failure (φ 
remains >0). The results (Table 4.5) indicate that the continental slope is stable, unless 
exposed to destabilising forces that are large enough to cause a dramatic reduction of the 
sediments’ friction angle (down to ~4°). Reducing sediment cohesion appears to have 
relatively little effect on the stability of the slopes.  
Table 4.5. A summary of the FoS for the Inskip Slope profiles arising from reducing c and φ. Critical FoS are 
underlined. 
Scenario description 
Cohesion 
(c) (kPa) 
Friction 
angle  
(φ) (°) 
FoS  
(lowest) 
Peak cohesion,  
peak friction angle 
22 30 5.026 
No cohesion,  
decreasing friction angle 
0 
30 4.992 
15 2.317 
7.5 1.138 
3.75 0.567 
Peak cohesion,  
decreasing friction angle 
22 
15 2.442 
7.5 1.263 
3.75 0.690 
Peak friction angle, 
decreasing cohesion 
11 
30 
5.055 
5.5 5.024 
2.75 5.008 
 
 
4.4.5.3. Pseudo-Static Analysis 
As the continental slope has been evaluated to be very stable under static conditions, an 
external trigger would most likely to have been needed for failure to be induced. With 
earthquake loading being the most likely trigger in most large submarine landslides, a 
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seismic coefficient (in both horizontal and vertical directions) was introduced into the 
models.  
A summary of the FoS results with the previously specified kh and kv values is plotted in 
the Figure 4.21 (c.f. Appendix F.3). IS’s whole-of-slope failure profile was used in these 
models. These results show that vertical seismic acceleration in the upward (negative to 
gravity) direction (kv < 0) contributes to slope destabilisation, whereas vertical 
acceleration in the downward (positive with gravity) direction (kv > 0) in fact further 
stabilises the slope material. However, note that these models do not account for pore 
pressure changes, such as those that may arise from compaction due to kv > 0, which 
could destabilise the slope by way of liquefaction. 
. 
Figure 4.21. Effect of horizontal seismic acceleration on Inskip Slide’s FoS. Warm colours (red–orange) indicate 
positive vertical acceleration (downwards/with gravity), while cool colours (blue) indicate negative vertical 
acceleration (upwards/against gravity). 
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Considering these results, and to eliminate misleading data, seismic modelling from this 
point on will further constrain the possible kh and kv values by:  
          0.1 
              
since it is only when the seismic coefficients are within these ranges that the modelled 
slopes are destabilised by seismic loading.  
For Inskip Slide, the modelling results show that the slope requires a minimum 
horizontal component of kh ≥ 0.4 for failure to be induced for kv > -0.3; for kv < -0.3, a 
minimum of kh ≈ -0.3 is required for failure to occur – that is, extreme ground-shake 
from a rare, large earthquake event would be required, possibly with induction of 
liquefaction.  
 
4.4.5.4. Progressive Toe-Cutting 
The slopes of the WBCS area were found to be (1) inherently very stable based on 
geometry and material properties such that they are unlikely to fail spontaneously under 
the influence of gravity (Section 4.4.5.1) and (2) requiring of a substantial external trigger 
(such as one of seismic nature) equivalent to a ground acceleration of no less than 0.3 G 
(where G = acceleration due to gravity) (Section 4.4.5.3). With the hypothesis that 
bottom currents have been actively eroding the foot of the slopes, I now introduce the 
factor of progressive toe-cutting into the slope stability models, and investigate its effects 
on the slopes’ FoS under both static and seismic conditions.  
In order to examine this effect, the toe of the slope was gradually removed from the pre-
failure slope profile over ten stages. Entry and exit points of the slip surfaces were 
constrained so as to create a realistic surface that correlates with the post-failure profile 
(i.e. current geometry of Inskip Slide). Table 4.6 shows selected pseudo-static modelling 
results of stages 0 (no toe-cutting), 3, 6, and 9; Figure 4.22 summarises the various stages 
of toe erosion and their corresponding FoS values in static scenarios. 
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It can be seen that toe-erosion does have a significant effect on FoS: an inverse and 
approximately linear relationship exists between the length of eroded area and the slope’s 
FoS (Figure 4.23). However, even with around 10 km of the slope of Inskip Slope eroded 
(over 30% of the length of the entire slope and almost 50% of the failed volume of 
Inskip Slide), a substantial seismic load is still required to trigger failure (0.2 G in the 
horizontal direction and 0.3 G in the vertical direction), as the slope remains stable under 
static conditions.  
Table 4.6. Pseudo-static modelling results of selected stages of toe-cutting. Green area = failed slope material; green 
line = pre-failure slope profile; black line = current (post-failure) slope profile; blue line = slip surface; red line = 
exposed surface from toe-scouring. 
Stage kh kv FoS Model Image 
0 
0 0 5.024 
 
-0.1 0.4 0.989 
-0.4 0.1 2.032 
3 
0 0 4.638 
 
-0.1 0.4 0.968 
-0.4 0.1 1.963 
6 
0 0 4.200 
 
-0.1 0.4 0.941 
-0.4 0.1 1.876 
9 
0 0 3.467 
 
-0.1 0.4 0.961 
-0.4 0.1 1.706 
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Figure 4.22. A summary of Inskip Slide’s FoS under static conditions at various stages of toe-erosion. Green line = 
pre-failure slope profile; black line = current (post-failure) slope profile; red line = exposed surface from toe-
scouring.  
 
Figure 4.23. Factor of safety values plotted against the amount of toe eroded (as 2D/horizontal length) as 
described by the model detailed in Table 4.6 and Figure 4.22. Note that the minimum value of the y-axis is 3.0. 
Such an enormous amount of toe-removal should be visible in the morphology of the 
slopes; however, morphological features of this nature are not observed at the present-
day WBCS and the slope to its north. A moat at the foot of the slope was documented by 
Fletcher (2015), and was interpreted by her to be a result of toe-scouring by deep 
currents; however, the amount of toe erosion observed/described was much less than 
required by the above models. Given that data for bottom current speeds are theoretically 
sufficient to erode silt/sand (0.1 m/s according to Mata et al. 2006, 0.2 m/s according to 
Sloyan et al. 2016), it can be concluded that while toe-erosion by bottom currents is very 
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likely to be one of the factors predisposing the slopes to failure, it does not play as large a 
part in the morphological development of the EACM as the EAME model has 
previously described (Section 2.3.4).  
The Wide Bay Slide, in contrast, is situated within a canyon, and while earthquakes would 
affect the slope sediments of both slides similarly, the same cannot be said for local 
erosive forces. Gravity cores taken from within the channel of WBC during SS2013-V01 
have recovered unconsolidated, presumably hemipelagic material of recent ages (Hubble 
& Webster 2016 pers. comm.), suggesting that the canyon is recently/currently active in 
transporting sediments. There are no data on the speed at which these sediments are 
being transported, but intracanyon flows should logically more erosive than ABW 
contour currents – the suspended load is larger in volume and coarser-grained, the slope 
is steeper, and the flow path is narrower/more constrained for an intracanyon flow. 
Therefore it is suggested that toe erosion due to canyon downcutting was a more 
probable factor for destabilisation of the WBC slopes, and that these WBCS failures were 
possibly induced by a combination of toe erosion (by undercutting) and earthquake 
shaking (as long-term preconditioning factor and short-term trigger, respectively).  
In Figure 4.24, I have developed a model illustrating the process of intracanyon toe 
erosion and its contribution to the failure of the canyon walls (consequently the widening 
of canyon channels). As the sediment and water enters the canyon at the head, sudden 
steepening of the slope causes the flow to accelerate, and as it descends in the canyon 
channel, material is eroded from the canyon wall and incorporated into the flow mass, 
which leads to localised toe erosion of the canyon walls. This in turn can induce 
retrogressive failure of the canyon slope and progressive expansion of the canyon system.   
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Figure 4.24. Diagrams (produced by me) illustrating canyon downcutting and toe-erosion as drivers for failure of intracanyon slopes. Darker reds indicate steeper slopes. Grey 
indicates canyon fill. Vertical exaggeration ≈ 5. 
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4.5. Discussion: Sequence of Events  
The WBC and the adjacent slopes form a complex system shaped over time by erosion 
and large-scale mass failure. While it is impossible to determine the exact timing of all the 
events that have taken place in this study area based on existing data and knowledge, 
certain key points in its morphological history can be dated and, along with 
morphological interpretations, a chronological sequence for the development of this 
section of the EACM can be established.  
According to the study conducted by Fletcher (2015), there are three major 
oceanographic forces presently shaping the EACM: (1) the southward-flowing EAC that 
erodes the upper slope, (2) the northward-flowing ABW that erodes the foot of the slope, 
and (3) erosive sand-laden currents that cascade downslope (Figure 4.25), particularly 
where canyons and gullies intersect the shelf edge. The erosion of the slope takes place as 
both top-down and bottom-up processes, with the EAC and the terrestrially sourced, 
sand-filled currents scouring the upper-slope and the ABW abrading the foot of the slope 
(Fletcher 2015). In some localities, the terrestrial sands serve to generate the ‘dendritic’ 
incisions at the heads of canyons (such is the case for Wide Bay Canyon) (Harris et al. 
2014); in the absence of a distinct canyon system into which the sand-laden currents can 
be funnelled, a series of sub-parallel, linear rills may be carved into the slope (such is the 
case for the Fraser Slopes, to the north of my study area; c.f. Fletcher 2015).  
Fletcher’s (2015) model described downslope turbidity currents and grainflows as the 
primary mass wasting processes that take place in the Fraser Canyon area, which is 
consistent with the general absence of failure material on the seafloor there. This activity 
is believed to have been most active during glacial periods, when low sea levels allow for 
shelf sediments to be more easily driven over the continental shelf (c.f. Boggs 2006, Lee 
2009, Harris & Whiteway 2011, Nichols 2013, etc.). This model goes on to describe the 
role of the EAC and ABW in continually abrading the slopes and sweeping them clean of 
further hemipelagic deposition. It is believed that this mechanism has hampered the 
accretion of these types of sediments on the EACM’s continental slope since the 
glaciations in Early Pleistocene, and the ABW is also responsible for excavating an 
erosional moat at the foot of the slope (Keene et al. 2008, Fletcher 2015).  
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Figure 4.25. Conceptual model of the key processes occurring offshore Fraser Island (northern extent of the 
Tasman Sea and this thesis’ study area). Different colours of the slope indicate various morphologies: canyon walls 
(magenta), laterally-extensive canyon complex (dark red), failed and striated slopes (orange), and intercanyon slopes 
(yellow); light peach area indicates the continental shelf and dark brown area indicates the abyssal plain (adapted 
from Fletcher 2015). 
A number of failures have been identified from core samples recovered from the upper 
slope at various points along the EACM, and have been investigated and documented by 
Clarke et al. (2011, 2012, 2014), Fletcher et al (2015), and Hubble et al. (2016). Slope 
sediments have been reported as having brittle mechanical behaviour and low clay 
content, general characteristics shared by dredge samples studied during this thesis. A 
mechanism involving earthquake-induced liquefaction has been proposed by Fletcher 
(2015) as the most likely final failure trigger. 
As the focus of this study is on the middle and lower slopes, the role of the ABW and 
any other driver of lower slope erosion are of particular interest. The mechanism of toe-
scouring was suggested by Hubble et al. (2012) as one of the major conclusions arising 
from preliminary investigations that provided the background to this study. I have 
developed Figure 4.26 to present the process graphically, incorporating the 
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sedimentology of the margin suggested by Keene et al. (2008), and presents some of the 
failure features occurring on the continental slope. The effect of ABW eroding and thus 
steepening the foot of the slopes is potentially enhanced by the stratification of the 
sediment column, which originates from the way material is deposited on the margin. 
The following sections will discuss key processes in the EAME model as they appear to 
have taken place within the WBCS area, with reference to the specific features described 
in Section 2.3.4. Aspects of the model will be explored and amended as required 
following each case study.  
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Figure 4.26. Diagram (produced by me) illustrating the mechanism of toe-scouring by bottom current causing slope destabilisation. Post-erosion surface at the foot of the slope is 
shown in green. 
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4.5.1. Initial Slope Accretion 
Throughout the Eocene and Oligocene, the EACM experienced a predominantly 
depositional sedimentary regime – with its separation from Antarctica and the subsequent 
opening of the Southern Ocean (Potter & Szatmari 2009), the Australian continent 
experienced a period of rapid subsidence along its southern continental margins (Exon et 
al. 2004). Sediments accreted on the continental slopes, mainly through a fine-grained 
hemipelagic rain while sea levels were still relatively high. At the same time, following 
thermal isolation of Antarctica, the ACC began to develop (Barker et al. 2007).  
 
4.5.2. Onset of Slope Incision 
At the start of the Miocene, the Earth experienced persistent cooling, gradually 
descending into icehouse conditions (Flower & Kennett 1994). Sea level fell and 
terrigenous sediments became a significant source of input as the continental shelf was 
exposed, resulting in regional erosional unconformities (Séranne & Abeigne 1999). These 
mobilised sediments – which consist primarily of coarse sands – began incising the upper 
continental slope of the EACM (as described by Harris et al. 2014), which was subaerially 
exposed at the time. 
Amongst the samples reported in this chapter, DR004 yields a biostratigraphic age in the 
Late Miocene. Since the sample was recovered from a post-failure slide or erosion 
surface, the excavation of the canyon wall and slope must post-date the age of this 
sediment sample, i.e. the biostratigraphy provides a maximum age for the feature, and 
canyon incision then followed after the Late Miocene. The dendritic morphology of the 
head of WBC shows sharply-defined fluves and interfluves consistent with relatively 
recent downslope scour by sand-laden currents delivered to the head of the canyon by 
the EAC during sea level lowstand (Fletcher 2015) and, possibly, as ongoing processes in 
the present day (Figure 4.25). 
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4.5.3. Toe Erosion 
Following Australia’s separation from Antarctica, the ACC was initiated, and while it was 
insignificant to the local oceanographic layout of the EACM at the start, over time the 
ABW was established as Antarctic polynyas generated significant thermal gradients in the 
surrounding oceans (Fukamachi et al. 2010), allowing cold, dense sea water masses to 
flow northward into the Tasman Basin. It has been inferred that such bottom currents 
followed the contour of the continental margin, hugging the slope due to westward 
deflection by the Coriolis Force (Séranne & Abeigne 1999, Hubble et al. 2012), and 
began eroding the foot of the slopes of the EACM, causing local slope steepening and 
destabilisation. It is suspected that this mechanism has been acting on the EACM since 
the beginnings of the formation of the current thermohaline circulation system, and has 
progressively been strengthened during the Late Miocene with global climatic changes 
and oceanographic reorganisation associated with the glaciations of Antarctica (Flower & 
Kennett 1994, Hall et al. 2003, Exon et al. 2004, Barker et al. 2007, Potter & Szatmari 
2009, Gruetzner et al. 2011).  
Intracanyon slopes are probably more susceptible to failure compared with open 
intercanyon slopes, as sediment and fluid are funnelled downslope, and the flow is 
focused by the confines of the walls. This leads to widening and deepening of the canyon 
channel (Figure 4.26). Once this sediment flow reaches the mouth of the canyon and 
moves onto the open abyssal plain, it slows, spreads out laterally, and is deposited over a 
large area of the seafloor. This potentially causes additional erosion at the toe of the slope 
at the mouth of the canyon.  
 
4.5.4. Earthquake and Liquefaction 
While the EAME model may so far be internally consistent, experimental data and slope 
stability modelling presented in this chapter using the present WBCS morphology suggest 
that an enormous amount of the toe of the slope would have to have been removed 
before it would fail under static conditions. This scenario is thought unlikely, and 
additionally, current slope morphology is not consistent with large amounts of toe 
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erosion having occurred to the north of the study area. Even with destabilising ground 
acceleration due to earthquakes, the effects of toe scour are relatively small in respect of 
lowering the FoS of the continental or canyon slopes (Section 4.4.5.4). Therefore it is 
proposed that while toe erosion probably occurs on the EACM and will have an impact 
on local morphological development, it is not the primary factor for the widespread slope 
failures observed along the margin.  
There are no instrumental records of earthquakes in Australia during the Neogene, but as 
all other factors are unlikely to be the predominant trigger for slope failure along the 
EACM, earthquakes are considered the most likely candidate for a hypothetical trigger 
(Masson et al. 2006, Lee et al. 2007, Clarke 2010). Additionally, it has been discussed and 
proposed that the Australian continent, although situated in the middle of a plate and 
distal from any active margins, is still exposed to regular intraplate earthquakes of 
significant magnitudes (Section 2.3.2.1). The Australian Plate, at present, continues to 
move northwards and is colliding with the Eurasian Plate at a rate that is faster than 
previously thought: 6.9 cm per year, with a slight rotation in the clockwise direction 
(Innis 2016). This would imply that significant – and greater than previously thought – 
seismicity is present in the Australian Plate (Dickinson et al. 2002, Brown & Gibson 
2004, Sandiford & Egholm 2008).  
Based on this assumption, a final failure trigger of seismic nature can be justified as the 
missing piece of the EAME model. Fletcher (2015) has documented extensive failures on 
the continental slope offshore Fraser Island, to the north of this thesis’ study area, and 
has suggested liquefaction as a plausible failure mechanism. The main sediment type 
found along the EACM is coarse silt and sand with minimal amounts of clay, leading to a 
quite different response to seismic loading than if they had been clay-dominated. It has 
been proposed that while clay-sized particles are usually cohesive (due to their charged 
nature) and tend to soften during cyclic loading, coarser silts and sands tend to 
experience liquefaction, where their intergranular friction is negated by inertial forces 
(Boulanger & Idriss 2006). Fletcher (2015) went so far as to suggest that liquefaction of 
silty sediments was responsible for the failures observed at Fraser Slopes. This argument 
is supported by other studies on the behaviour of silty sediments under stress that have 
concluded silty material with low clay contents (<10% according to Andrews & Martin 
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2000, Seed et al. 2001; <20% according to Weimer et al. 2012) will behave in this 
manner.  
It is possible, then, that the earthquakes required for failure can be of lower magnitude 
than is suggested by GEO-SLOPE/W, as its algorithm does not account for liquefaction. 
This hypothesis is also consistent with the general absence/minimal presence of failed 
material at the foot of the slope and the abyssal plains adjacent to the failed slopes, as the 
failures would have been disintegrated by liquefaction, and flowed downslope as turbidity 
currents. This sediment might then have been eventually dispersed and deposited on the 
abyssal plain.  
 
4.5.5. Large-Scale Retrogressive Failure 
The ‘whole-of-slope’ (Hubble et al. 2016, p.1) and progressive toe-cutting models 
(Section 4.4.5.4) imply rigorous and constant erosion at the toe of the continental slopes 
that would locally steepen the foot of the continental slope and cause destabilisation; 
further toe erosion at the mouths of canyons by turbidity currents is described in Section 
4.5.3. With earthquakes acting as the final trigger (Section 4.5.4), the failure of these 
sections of the slope would subsequently destabilise the sediment column immediately 
above (Coleman & Prior 1988). This destabilisation would then propagate upslope as 
each unit of failed slope would destabilise the sediments directly above.  
Such a scenario is postulated to be responsible for the two prominent middle slope ridges 
in the study area, which are interpreted as headscarps of slides. Inskip Slide, marked by 
the ridge on the intercanyon slope to the south of WBC, is interpreted to have been 
triggered by a combination of toe scour, and earthquake loading accentuated by sediment 
liquefaction. Based on their morphologies, the deposition of the slope material is 
consistent with penecontemporaneous development of the large headscarp (Wide Bay 
Slide) on the northern wall of WBC, which has probably formed and developed by the 
same general mechanisms, with the additional factor of toe erosion of the canyon walls 
(Figure 4.26).  
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This is consistent with the general model that describes slope failure on the EACM being 
pre-conditioned throughout the Miocene by bottom currents scouring the foot of the 
slopes. Both slides within the WBCS were destabilised through the process of toe 
scouring, and it is suspected that the ultimate failure was possibly triggered by earthquake 
loading, compounded by seismically-induced liquefaction of the silty slope material.   
For the Inskip Slide, the locations and shapes of the failure surface is at least partly 
controlled by the geometry of the sedimentary layers that compose the sediment column, 
which in turn is constrained by the depositional regimes on the continental shelf and 
slope. Keene et al. (2008) have suggested that both sediment volume and grain-size 
gradually decrease as depositional currents move downslope, giving way to sedimentary 
layering as illustrated in Figure 4.26, which could potentially act as interfaces upon which 
the two slides mobilise. The intracanyon Wide Bay Slide is dated to have taken place at 
approximately the same time as Inskip Slide, as the same earthquake event probably acted 
as the final trigger for both failures.  
Sediment samples collected from both these failure scarps have been dated to be of 
Middle- to Late-Miocene age, which is consistent with the presumed date of the 
formation of the current morphology.   
 
4.5.6. Ongoing and Future Erosion 
If the youthfulness of the present morphology is accepted, then it follows that these 
morphological processes are still ongoing. Following failures of Wide Bay and Inskip 
Slides, the exposed surfaces continue to be eroded by bottom-up processes from the 
abyssal plain (i.e. ABW) and incised by top-down processes from the upper slope (mainly 
the process of terrigenous sands spilling from the continental shelf generating turbidity 
currents from small upper/middle slope failures, canyon sediment transport, and the 
sedimentary effects of the EAC) (Figure 4.25, Fletcher 2015).  
Other parts of the EACM are known to be currently undergoing active erosion by these 
processes. Most of the dredge operations carried out on the middle slope along the 
EACM have recovered compacted material rather than loose sediment in the closed pipe 
Yu (2017)   Wide Bay Canyon System 
207 
dredges (c.f. Boyd et al. 2010, Hubble et al. 2012, 2016), indicating that the study area is 
reasonably free of unconsolidated surficial drape; the biostratigraphy in these 
consolidated dredge samples report ages that are not recent. The elliptical depression 
(Figure 4.5A, marked by green dotted lines), despite being identified as a potential 
depocentre for the WBC, remains unfilled by sediments (Hubble et al. 2016). These 
observations are consistent with a model describing that once exposed, these older 
surfaces have since been ‘swept clean’ of subsequent deposition. This implies that active 
scouring and erosion of the slope is an ongoing process and, given the age of some of the 
deposits, this process has been active throughout the entire Pleistocene, and has likely 
been active since as early as the Late Pliocene (c.f. Hubble et al. 2016). Moreover, gravity 
cores taken from within the channel of WBC have recovered unconsolidated material of 
recent ages (Hubble & Webster 2016 pers. comm.), suggesting that the canyon is 
currently active in transporting sediments. As the Australian Plate continues to move 
northward and collide with the Eurasian Plate at a fast rate (Innis 2016), seismicity will be 
active across the continent, and consequent earthquakes of significant magnitudes 
(Geoscience Australia 2016) may provide triggers for further liquefaction and slope 
failure.   
The ages of the dredge sediments imply that WBCS’s present morphology was formed no 
earlier than the Late Pliocene. Work done offshore from Fraser Island (immediately to 
the north of WBCS) (Fletcher 2015) has constrained the initiation of active, significant 
slope failure and top-down upper slope incision by the EAC to the beginning of the 
Pleistocene, at the earliest. This erosion likely took place on a regional scale, in areas 
subjected to the effects of the EAC. This suggests that the dismemberment of the 
continental slope to the south of WBC (i.e. Inskip Slide) also took place at or around this 
time, and while WBC itself may well have been present before the Pliocene (or was even 
a near-permanent feature on the margin), it is inferred to have experienced an episode of 
increased incision and deepening during the Pleistocene.  
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4.6. Conclusions  
This chapter presents a case study of the Wide Bay Canyon System in the northern 
canyon zone of the regional study area along the East Australian Continental Margin. 
Multibeam bathymetric data and a comprehensive set of eight dredge sediment samples 
provide information on the system’s lithology, morphology, and biostratigraphy, and 
offer information that allows for the reconstruction of its history.  
The Wide Bay Canyon is a shelf-incising canyon that does not appear to be connected to 
any major river systems. The continental slope to its north is relatively intact while, in 
contrast, the slope to its south presents a failure scar of substantial lateral extent. This 
failure, named Inskip Slide, extends from the upper slope (close to the continental shelf 
break) to the abyssal plain, and is interpreted as a whole-of-slope failure. Within Wide 
Bay Canyon, there is a feature on the northern canyon wall, named the Wide Bay Slide, 
which is morphologically-similar to Inskip Slide.  
The similar morphologies suggest that these two failures were controlled by comparable 
if not common factors, and most likely they occurred simultaneously in geological time. 
These hypotheses are supported by the biostratigraphic ages of dredge sediment samples 
recovered from failure scarps of Wide Bay Slide and Inskip Slide, which contain 
foraminifera and nanofossils. These date both failures as having occurred after the 
Middle Miocene (from biostratigraphy of DR005 for Wide Bay Slide, and DR008 for 
Inskip Slide).  
Both Inskip Slide and Wide Bay Slide have been inferred to have failed under the 
combined factors of toe erosion and earthquake shaking along with seismically-induced 
liquefaction, which are suggested as consequences of both regional and global tectonic 
and climatic events. As for Wide Bay Canyon, while the initial incision could have taken 
place earlier (most likely during the Neogene), its biostratigraphy indicates enhanced 
morphological activity from the Late Pliocene onwards. The Australian Continent 
separated from Antarctica during the Eocene; continental margins subsided and the 
Southern Ocean opened, while Antarctica became thermally-isolated and the Antarctic 
Circumpolar Current began to develop. The Tasman Sea opened, and deposition along 
the newly formed eastern margin of Australia took place throughout the Oligocene and 
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into the Early Miocene. Terrigenous sands began incising the slope in the Miocene, 
marking the positions of future canyons and other major erosive features.  
During the Early Miocene, the tectonic collision between India and Eurasia led to an 
intensification of seismic stress on the Australian Plate. Simultaneously, the planet 
experienced persistent cooling, eventually culminating in the Middle Miocene Disruption. 
A combination of continental uplift, acceleration of sedimentary processes, low sea level, 
and strengthening of the polynyas that generated Antarctic Bottom Water, resulted in an 
increase of both top-down incision of the head of slope by terrigenous sand-laden 
currents and bottom-up erosion of the foot of slope by bottom currents. Oceanographic 
forces were further strengthened in the Pliocene, when the Isthmus of Panama closed, 
circum-Equatorial circulation was terminated, and an intense episode of glaciation 
overtook the Northern Hemisphere. Meanwhile, seismic stress continued to be built up 
in the Australian Plate, acting as the final factor in destabilising the slope of the East 
Australian Continental Margin, and, when combined with liquefaction of the silty-sandy 
material of which the margin is composed, resulted in the ultimate failure of the Inskip 
Slope. The Wide Bay Slide was subjected to all these destabilising factors, with the 
addition of the scouring of the foot of canyon slopes by the water and sediments 
transported by the canyon channel.  
Compared with conclusions drawn from previous studies (Boyd et al. 2010, Hubble et al. 
2012), the present-day morphology of the continental slope in the Wide Bay Canyon 
System study area is remarkably and unexpectedly young. The lack of substantial 
sediment cover for the surfaces exposed by failures suggests that the margin is currently 
experiencing a dominantly-erosive (or non-depositional) sedimentary regime, and 
unconsolidated, young material recovered from within the canyon channel implies that 
Wide Bay Canyon is still actively transporting sediments from the continental shelf and 
slope to the abyssal plain. These indicate that the processes described earlier are probably 
still active in the Wide Bay Canyon System, and failures are likely to occur in the future 
when a sufficiently-strong earthquake impacts upon the East Australian Continental 
Margin.  
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Chapter 5 
Maroochydore Slopes 
This chapter presents the second of four case studies, with the focus on the continental 
slope located offshore Maroochydore in southern Queensland, which comprises a range 
of discrete, morphologically-distinct slope failure scarps, and the Barwon Canyon. Three 
dredge samples have been collected from this area as well as bathymetric data. In this 
chapter, I compare and contrast this area with that of the previous case study.  
 
5.1. Major Morphological Features 
The East Australian Continental Margin (EACM) segment offshore from Maroochydore, 
southern QLD, presents morphology that greatly contrasts with that of the Wide Bay 
area. The Maroochydore Slopes is defined for this study to be an area of the EACM 
between 26°31’S and 26°47’S (Figure 5.1), located to the south of the Noosa Canyons 
(Figure 5.2, indicated by green dashed lines). It includes five large (>5 km wide), arcuate 
failure features located on the two spurs that enclose the Barwon Canyon, with their 
headscarps situated in the middle or lower slopes. Barwon Canyon is a blind canyon that 
has no apparent connection with the upper slope, aside from several shallow linear 
gullies.  
Compared with the Wide Bay Canyon System, the Maroochydore Slopes’ local gradients 
are relatively steep: between the continental shelf break (at ~200 m) and the initiation of 
the failures on the middle slope (at ~1500 m), the upper slope has gradients of 4–5°. 
Downslope from this point, the post-large-failure middle and lower slopes have gradients 
of 8° or greater, with the scarps being the steepest features (Figure 5.3). 
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Figure 5.1. Bathymetric image illustrating the regional geography of the Maroochydore Slopes study area (indicated by white rectangle) and its position relative to the east 
Australian coast. 
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Figure 5.2. Study area of Maroochydore Slopes, with major features labelled: Noosa Canyon (green, dashed line = 
headscarp), North, Central, and South Maroochydore Slides (black, dashed lines = headscarps), Barwon Canyon 
(yellow, dotted line = thalweg), southern wall slumps (white, dashed lines = headscarps, dots = sampling sites), and 
Bribie Canyon (pink, dotted line = thalweg). Red lettering = failure feature reference code for the remainder of this 
chapter.  
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Figure 5.3. Study area of Maroochydore Slopes in oblique view, showing dredge tracks (black dot = start, white dot 
= end) and downslope profiles showing the average gradients of the unfailed upper slope (green) and post-failure 
slope (red) on the northern intercanyon slopes, and those on the southern intercanyon slopes (violet and yellow, 
respectively). Blue points denote position of interpreted failure headscarps. 
Annotated structures tend to be failure features are present on the continental slopes to 
both the north and the south of Barwon Canyon (Figure 5.2). To the north, a series of 
three laterally-extensive failures (features a, b, c in Figure 5.2, indicated by black dashed 
lines), with morphologies resembling the whole-of-slope appearance of the Inskip Slide 
(Section 4.4.1.3), traverse the intercanyon slopes between Barwon Canyon and the 
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adjacent Noosa Canyon System. On the intercanyon slope to the south of Barwon 
Canyon are three narrower failures with parabolic headscarps (Figure 5.2, features d, e, f, 
indicated by white dashed lines). The three dredge samples collected from this study area 
by Boyd et al. (2009) have sampled each of these latter three scarps (Figure 5.2, Appendix 
B.1). Attempts by Hubble et al. (2013) to recover additional material from the three 
failure scars located between Barwon and Noosa Canyons were unsuccessful.  
While the WBCS’ original slope profile was assumed to be similar to that of 
intercanyon/interfluve areas of the adjacent continental slope to its north, the 
Maroochydore Slopes do not include a ‘pristine’, unfailed continental slope profile. Pre-
failure profiles were inferred from the middle failure on the intercanyon slopes north of 
Barwon Canyon (later referred as Central Maroochydore Slide), by smoothing the slope 
profile and projecting the unfailed upper slope so that it connects to the toe of the slope 
and adjacent abyssal plain (~4000 m depth) (see Figure 5.16).  
 
5.2. Results 
5.2.1. Morphology 
The Maroochydore Slopes area is a segment of the EACM of distinctly immature 
morphology (Puga-Bernabéu et al. 2011), and incises the shelf without apparent 
connections to any major river system (Harris et al. 2014) (Figure 5.1). Compared with 
the continental slope to its north (e.g. WBCS in Chapter 4, and the Noosa Canyon, as 
indicated in Figure 5.2, which exhibit extensive upper slope incision, such as dendritic 
erosive patterns that incise back into the continental shelf), the Maroochydore Slopes 
comprise relatively less sharply-defined features at the head of Barwon Canyon.  
I have defined eight main morphological features within this study area (Figure 5.2): (1) 
Barwon Canyon (Figure 5.2, thalweg indicated by yellow dotted line), (2) North 
Maroochydore Slide, (3) Central Maroochydore Slide, (4) South Maroochydore Slide 
(Figure 5.2, headscarps indicated by black dashed lines), (5) Slump DR1, (6) Slump DR2, 
(7) Slump DR3 (Figure 5.2, headscarps indicated by white dashed lines), and (8) upper 
slope headwall scarps (Figure 5.2, indicated by blue dashed lines). Noosa Canyon (Figure  
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Table 5.1. Summary of aspects of major 
features described above. See Figure 5.5C 
for attitudes of Barwon Canyon thalweg. 
 
5.2, headscarp indicated by green dashed line) is 
directly to this system’s north, and the North 
Maroochydore Slide cuts into its southern extent. 
Aspects of the characteristics of these features are 
summarised in Table 5.1. To the south of Slump D2 
is Bribie Canyon (Figure 5.2, thalweg indicated by 
pink dotted line), a linear canyon similar in 
morphology to Barwon Canyon.  
Based on their morphology, these eight features can be grouped into four main classes 
(Figure 5.4): (1) Barwon Canyon (and its intracanyon features), (2) upper slope headwall 
scarps, (3) large rotational failures (North, Central, and South Maroochydore Slides, 
failure features a, b, c in Figure 5.2), and (4) small rotations failures (Slumps DR1, 2, and 
3, failure features d, e, f in Figure 5.2). The following sections will discuss these in turn.  
 
 
Feature Bearing 
NMS E 
CMS E 
SMS ESE 
Slump DR1/3 E 
Slump DR2 E 
Figure 5.4. Regional morphology of the Maroochydore Slopes, with notable features annotated: Barwon Canyon 
(yellow dotted line = channel thalweg), large rotational failures on the northern slope (red), smaller rotational 
failures on the southern slope (white), intracanyon/canyon wall failure scarps (black), and upper slope headwall 
scarps (blue).  
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5.2.1.1. Barwon Canyon  
Barwon Canyon has a distinctly linear morphology with no obvious or developed 
tributary channels in its upper slope section. Although the position of the canyon on the 
margin coincides with the outlet of Paynter River (Figure 5.1), there is no surface 
morphological evidence of connectivity on the continental shelf between this system and 
the head of the Barwon Canyon, which is located in 500 m water depth.  
The canyon thalweg is approximately 20 km long, and is essentially a straight feature, with 
a sinuosity of 1.03. A total of five reaches can be discerned (labelled R1 to R5 in Figure 
5.5C), and the location of each bend (labelled B1 to B4 in Figure 5.5C) coincides with 
points of morphological shifts down the canyon. Of note is that B2, B3 and B4 are 
approximately adjacent to the headscarps of DR1, DR2 and DR3, respectively. This 
suggests a potential relationship between canyon development and slope destabilisation. 
All of the reaches are approximately east- to southeast-trending, with the longest 
occurring through the middle slope, where the thalweg has a bearing of 110° and is 
straight for almost 9 km.  
With its relatively straight thalweg, rough canyon walls, and steep failure scarps, Barwon 
Canyon can be expected to further mature as a system. This speculation is supported by 
the failure scars of thinner slides are evident at the tops of both its walls (Figure 5.5A, 
denoted by black dotted lines, yellow dotted lines, and white dashed lines); headscarps of 
a series of planar slides are especially well-defined on the upper slope along the canyon’s 
northern wall (Figure 5.5A, denoted by black dotted lines). Outside of the canyon 
channel, the relatively intact slopes present a ridge-like feature along the continental shelf 
edge to the south of the canyon that is parallel to local bathymetric contours (denoted by 
blue dotted line on Figure 5.5A). Several pockmarks and short (2-5 km) lineations 
resembling ‘stretch marks’ are also present on the upper slope near these linear features. 
These have been interpreted as evidence of creep (Figures 5.2 and 5.4, indicated by blue 
dashed/dotted lines). Figure 5.5B presents an interpretation of the failure sequence (each 
arrow represents one failure), which has been determined to be retrogressive, based on 
the cross-cutting relationship of the failure scarps.  
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 Figure 5.5. (A) Morphological breakdown of Barwon Canyon’s major features: canyon thalweg (white dashed line), upper slope headwall scarp (blue), canyon walls (red), lower 
slope slumps (yellow), intracanyon failures (black), retrogressive slumps (white dotted lines). SMS (pink) for reference; (B) interpretation of failure sequence of slopes adjacent to 
Barwon Canyon. Features highlighted in (A) are shown by white dotted lines; canyon thalweg is shown by cyan dashed line. Bottom-up progression of failure scarps are indicated by 
pink arrows on the northern wall, yellow arrows on the southern wall; (C) lengths and bearings of Barwon Canyon’s reaches (‘R’) and positions of its bends (‘B’). 
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The canyon floor has a consistent v-shaped morphology along the entire length of the 
thalweg (Figure 5.6). A small but apparent widening of the canyon floor is present below 
2150 m water depth. This can be seen in Profile I–I’ and the subsequent cross-profiles 
down the canyon (Figure 5.6); at this point, both canyon walls start to be heavily 
dissected by slumps that are more deeply-seated and have steeper, taller headscarps (an 
intra-canyon slide for the northern wall, Slump DR2 for the southern wall) (Figure 5.9). 
The canyon and its adjacent slopes are rougher than those of WBC (Figure 5.9C). Figure 
5.9B also shows that the slopes are steeper within the immediate vicinity of the canyon 
axis, suggesting that canyon incision processes are still active.  
The long profile of the Barwon Canyon is fairly uniform, constant with linear increase of 
depth with distance, except for a distinctly convex upward bulge between 2100–2500 m 
depth (Figure 5.8). This coincides with the depth at which the canyon cross-section 
begins to deviate from the sharp v-shaped profile, and where the canyon channel is 
flanked by large failures. Below 2500 m water depth, the long profile is concave-up 
(Figure 5.8 ‘bulge’). This may be indicative of more resistant lithology at this depth, such 
as a bedrock high.  
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Figure 5.6. Cross-canyon profiles down the channel of Barwon Canyon, shown from above. These 
profiles are plotted by aligning them along the thalweg, and are colour coded for each reach as identified 
in Figure 5.5C (R1+2 = blue, R3 = pink, R4 = green, R5 = violet). See Appendix B.1 for more details. 
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Figure 5.7. Average slope angle progression of canyon walls plotted against the depth of canyon axis. The southern 
wall slopes are indicated in blue, and those of the northern wall are indicated in red. Respective trend-lines are 
included. 
 
 
Figure 5.8. Down-channel long profile of Barwon Canyon, showing a mostly linear progression, except for an 
obvious bulge/convex area below ~2000 m depth, which is indicated. 
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Figure 5.9. Surface statistics of Barwon Canyon showing (A) extents of the upper scarps on canyon walls (dashed 
line) and position of the thalweg (dotted line) (for reference), (B) slope, and (C) rugosity.  
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Table 5.2. Summary of morphological characteristics of Barwon Canyon. 
Morphological 
Feature 
Description 
Canyon head Largely linear, gully-like immature appearance  
Cross-section 
profile 
V-shaped throughout, though the width of the incision increases 
downslope (Figure 5.6) 
Width 
Less than 1 km at the canyon head, significantly increasing at the 
headscarp of Slump DR1 to 6 km, reaching at maximum of ~ 10 km 
below the headscarp of Slump DR2 (Figure 5.6) 
Canyon wall 
slope 
Northern wall: 8° at the head, 6° immediately downslope of Slump 
DR1, 6.5° immediately downslope of Slump DR2, 10° at the start of 
the abyssal plain (Figure 5.6) 
Southern wall: 12° at the head, 10.5° immediately downslope of Slump 
DR1, 11.5° immediately downslope of Slump DR2, 12° at the start of 
the abyssal plain (Figure 5.6) 
Depth 600 m (canyon head) – 2800 m (abyssal plain opening) 
Incision 
Increasing from 0 m to 450 m at the intersection with headscarp of 
Slump DR1 (water depth of ~1400 m),  and further increasing to 900 
m at the intersection with headscarp of Slump DR2 (water depth 
~2125 m) (Figure 5.6) 
Straight 
length 
18.8 km 
Total length 19.3 km 
Sinuosity 1.03 
Number of 
tributaries 
No major tributaries except primary canyon incision 
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5.2.1.2. Northern Intercanyon Slope  
On the intercanyon slope to the north of Barwon Canyon, at water depth of ~1500 m 
and possessing similar morphological appearance to each other, are three laterally 
extensive slides (Figures 5.4 and 5.10, headscarps denoted by red dashed lines). These 
slides, from north to south are named the North Maroochydore Slide (NMS), Central 
Maroochydore Slide (CMS) and South Maroochydore Slide (SMS). They have 
headscarps that are approximately parallel with the shelf break, and are 11 km, 8km, and 
4 km long, respectively. They appear to be complex, combined rotational/translational 
features, extending to the lower slope with a consistent gradient except for a subtly 
protruding hollow located at depth of ~2300 m (Figure 5.10, denoted by black dotted 
line). This feature is most prominent between CMS and SMS, and presents small slumps 
on its downslope side.  
Failed material is not present downslope of the slide surfaces of CMS and SMS. This 
suggests that these failures are likely to be translational and disintegrative. 
 
Figure 5.10. Details of slides presenting on the slopes north of Barwon Canyon: NMS, CMS and SMS (red dashed 
lines), protruding intra-failure ‘step’ (black dotted line at ~2500 m depth), and upper slope linear features suggesting 
creep and shallow slides (blue dotted lines).  
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5.2.1.3. Southern Intercanyon Slope  
In contrast with the laterally extensive failures on the slopes to the north of Barwon 
Canyon, the narrow section (approximately 10 km wide) of intercanyon slope to the 
south of the canyon hosts several features that are spatially smaller. Three parabolic-
shaped, easterly-facing headscarps are present on this section of the continental slope, 
and all are concave towards the abyssal plain (Figure 5.11, headscarps denoted by white 
dashed lines). All comprise scarp surfaces from which material has apparently been 
removed, which is a characteristic of translational failures. The northernmost of these 
three features is the least well-defined, with a headscarp that is located high in the upper 
slope (980 m water depth). Dredge sample DR1 was recovered from this headscarp (by 
association, this slide will be referred to as Slump DR1). In contrast, the other two slump 
scars are more obvious as distinctly-defined surfaces. Slump DR2, named for the sample 
recovered from the site of its headscarp, is located on the middle slope at 1440 m depth, 
and is completely disconnected from the canyon channel. At the foot of the slope, 
between Slumps DR1 and DR2, is Slump DR3 (again named for the sample recovered 
from it), with its headscarp at 2100 m depth. Respectively, these 3 slumps are only 4.5 
km, 3.2 km and 1.8 km across at their widest points, and are smaller than the CMS (8 km 
wide) and SMS (4 km wide) features.  
 
Figure 5.11. Detailed view of 
the slopes south of Barwon 
Canyon, with features anno-
tated: sampling sites (black 
dots), Barwon Canyon scarps 
(black dotted line), canyon 
thalweg (white dotted line), 
slump scars (white dashed 
lines), and intracanyon scarps 
(yellow dotted lines).  
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5.2.2. Dredge Samples 
5.2.2.1. Sedimentology 
 
Figure 5.12. Summary of grain-size distribution of the dredge samples recovered from the Maroochydore Slopes.  
The samples recovered from this study area were collected from the upper, middle, and 
lower slopes, representing the largest range of sample depths in this thesis (1010–2800 m; 
c.f. Appendix B.1) All the samples were collected from within slide surfaces, close to the 
headscarp of failures, where the local seabed is at its steepest. Visually, the samples are of 
distinctly different colours: DR1 is pale brown, similar to the majority of the sediments 
samples from this study; DR2 is distinctly paler and more yellowish, is less consolidated, 
and has a texture that is more similar to hemipelagic ooze; DR3 possesses a hue of olive 
green, is noticeably more well-consolidated than the other two, and presents some 
evidence of manganese oxide precipitation and/or iron staining (Figure 5.13). All samples 
present evidence of bioturbation in the forms of large (1 cm diameter) burrows (Figure 
5.13). 
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Figure 5.13. Dredge samples for this case study: (A) DR1 – consolidated silty/sandy material of mixed siliciclastic/carbonate composition, with iron/manganese oxide staining 
(Middle-Late Miocene age); (B) DR2 – moderately-consolidated silt of mixed siliciclastic/carbonate composition, with foraminiferal and shell fragments (Early Pliocene age); (C) 
DR3 – stiff, well-consolidated silty/sandy material of mixed siliciclastic/carbonate composition, with some iron/manganese oxide staining and burrows (Early Oligocene age). 
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5.2.2.2. Biostratigraphy 
The three samples contain fossils representing a wide range of ages, including the oldest 
age so far reported for consolidated sediment samples recovered from the Tasman Sea 
Margin (Figure 5.14, c.f. Appendix C.5). DR2 yields the youngest age, despite being 
situated in deeper water and within a failure scarp, but its Early Pliocene age is by no 
means recent. It is inferred that the material has experienced minimal burial and 
consolidation since the Pliocene, which would explain its relatively lower strength and 
degree of consolidation.  
As with several samples collected from the Wide Bay Canyon System area, DR1 contains 
two chronologically discontinuous but mixed together (so-called bimodal pairs) 
assemblages that are separated by approximately 2 Ma. This suggests a mechanism by 
which older-derived assemblage was mixed with younger sediments (c.f. Sections 3.4.3.2, 
4.4.4).  
 
Figure 5.14. Biostratigraphic ages of the sites sampled within the Maroochydore Slopes study area. Age-pairs are 
indicated with a line dividing the two ages.  
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5.2.2.3. Geotechnical Properties  
Two of the three samples collected from this study area were tested with the shear box 
apparatus and the small oedometer; DR1 was excluded from this test due to the small 
size of the dredged sediment blocks; the presence of bioturbation and burrows also 
compromised its sample quality. The results are summarised in Table 5.3. See Section 
4.4.2 for more details.  
Table 5.3. Summary of parameters derived from the direct shear and small oedometer tests for samples relevant to 
this case study.  
Sample DR2 DR3 
Apparent cohesion (kPa) –– 17.1 
Friction angle (°) 28.8 22.4 
Bulk unit weight (kN/m3) 10.0 11.8 
Void Ratio 1.50 1.07 
Consolidation behaviour 
Normally 
consolidated 
Overconsolidated 
Preconsolidation stress (kPa) –– 850 
Estimated burial depth (m) –– 85 
 
As with water depth, lithological and biostratigraphical variations, the samples from this 
site also exhibit the largest ranges in the parameters that govern their mechanical 
behaviour under shear stress and compression (refer to Table 4.2 in Section 4.4.3). DR2 
was the only sample in the entire group tested for which apparent cohesion could not be 
established because the behaviour it exhibited during the test was unusual – as mentioned 
in Section 3.3.6.1, when horizontal shear stress is applied, an initially dense sample will 
experience peaking of its shear resistance, followed by a slight decrease of shear 
resistance and stabilisation. Most of the other samples showed this behaviour, including 
DR3; DR2, however, showed a pattern in its shear resistance development that is more 
similar to that of an initially loose sample, except that it did not reach a state of plateau. 
Therefore no ultimate apparent cohesion could be determined. This uncharacteristic 
behaviour is most probably due to the fact that DR2 is dominated by hemipelagic ooze, 
and is therefore unconsolidated, has a weakly-ordered granular structure, and has a 
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markedly different cohesive quality to the rest of the samples, which are clearly 
consolidated.   
DR3 has been revealed by the shear box test to have the smallest friction angle and the 
lowest cohesion, despite being obtained from the deepest water, being the oldest, and 
thus presumably more deeply-buried, more consolidated, and less likely to fail. It is 
possible that the shear strength of this sediment is mainly determined by physical 
compaction, rather than mineralogical composition and granular structure. It is also the 
sample with the smallest void ratio. DR2 was found to have the highest value for void 
ratio amongst the group of samples tested from SS2008-V12, and appears to have 
undergone the least amount of consolidation, based on its relatively shallow depth of 
recovery and hemipelagic ooze-like consistency that indicates a lack of burial.  
Together these two samples show how mechanical properties, as well as lithological 
properties, can vary greatly even in a restricted locality if they are from different layers in 
the stratigraphic column.  
 
5.2.3. Pre-Failure Profiles and Approximation of Slide Volume   
For the each of the three failures on the northern intercanyon slope, one average slope 
profile was calculated from three profiles (using the method described in Section 4.4.5). 
For the two profiles across the smaller failures to the south of Barwon Canyon, a single 
profile down the centre of each slump scars was sampled, with one profile cutting 
through both Slumps DR1 and DR3 (Figure 5.15).  
To calculate the amount of material removed to generate the present morphology of the 
failure sites, the areas under the profiles have been computed and subtracted from the 
reconstructed intact slope. This intact slope profile was generated by projecting a straight 
line from the headscarp of the CMS (which has the most intact slope upslope of the 
headscarp) to the exit point of the failure, since relatively unfailed local slopes (which 
were present for Inskip Slide, described in Chapter 4) are absent in the area. This 
difference in cross-sectional area was then multiplied with the widths of each slide/slump 
(as described in Section 3.3.9). As seen in Figure 5.15, the average profile for NMS is 
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approximate with the reconstructed slope; considering this and its different orientation 
compared to the other sites, it has been excluded from this calculation. Table 5.4 
summarises the results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. Regions of failure investigated in this case study (A = NMS, B = CMS, C = SMS, D = Slump DR3, E 
= Slump DR2), with the locations of downslope profiles referenced for slope stability modelling. 
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NMS –– 11.0 –– 
CMS 10.0 8.0 80 
SMS 9.7 4.0 39 
Slump 
DR2 
5.6 3.2 18 
Slump 
DR3 
6.3 1.8 11 
Table 5.4. Failure mass volumes 
calculated by comparing the slide/slump 
profiles with the reconstructed original 
slope, and the widths of the failure 
headscarps.  
 
Figure 5.16. Reconstructed intact profile of the Maroochydore Slope (black), compared with the averaged profiles of NMS (pink), CMS 
(red), and SMS (orange), and the axial profiles of Slump DR2 (blue) and Slump DR3 (green). 
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5.2.3.1. Static Analysis  
With regards to the assumption of the failure being mobilised as a single mass with a 
concave up slip plane, the nature of the failure surfaces in this part of the study area 
appears to be translational rather than rotational.   
The four failures (discounting NMS) were modelled separately, with consideration for the 
different failure processes involved, especially the contrasts between the slides and the 
slumps. For CMS and SMS, the results are similar. When the slides are modelled as a 
singular failure, it is not difficult to restrict the entry and exit points to replicate 
theoretical slip surfaces that conform to the existing post-failure morphology, as seen in 
Figure 5.17. In these scenarios, the FoS for CMS and SMS are similar: at 5.818 and 5.807, 
respectively (Figure 5.17A). For the circular slumps, the upper and lower failures of DR2 
yielded FoS of 6.860 and 5.780, respectively, while DR3’s FoS is 5.728, which is similar to 
that of the lower DR2 failure (Figure 5.17B).  
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Figure 5.17. (A) Static analysis of CMS (top) and SMS (bottom) as whole-of-slope failures. The present slope geometry is shown in yellow, reconstructed slope profile by black 
bold line, the failure mass is shown in green, and slip surface shown by blue dashed line. The FoS values for the respective slopes are shown in blue. (Continued next page) 
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Figure 5.17. (B) Static analysis of Slump DR2 (top) and Slump DR3 (bottom) as whole-of-slope failures. The present slope geometry is shown in yellow, reconstructed slope 
profile by black bold line, the failure mass is shown in green, and slip surface shown by blue dashed line. The FoS values for the respective slopes are shown in blue. (Continued 
from previous page) 
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5.2.3.2. Back Analysis  
To establish conditions required for static failure, each of the failures on the 
Maroochydore Slopes is modelled with: 
 c’ at experimental value while φ is varied, and  
 φ at experimental value while c is varied 
Despite the highly variable geometry and the differences in local morphology compared 
with the previous case study, the static modelling results for the series of failures along 
the Maroochydore Slopes yield similar results to those of Inskip Slide (Section 4.4.5.1). 
Even when cohesion was drastically reduced, there are minimal consequences to the sites’ 
factor of safety (FoS) (c.f. Appendix F.1).  
Table 5.5. A summary of the FoS for the Maroochydore Slopes profiles arising from reducing c and φ. Critical FoS 
are underlined. 
Scenario 
description 
Cohesion 
(c) (kPa) 
Friction 
angle 
(φ) (°) 
FoS (lowest) 
CMS 
(whole) 
SMS 
(whole) 
DR2 
(upper) 
DR2 
(lower) 
DR3 
Peak cohesion,  
peak friction 
angle 
22 30 5.818 5.807 6.860 5.780 5.728 
Peak cohesion, 
decreasing 
friction angle 
22 
15 2.731 2.726 3.264 2.728 2.729 
7.5 1.371 1.369 1.680 1.376 1.403 
3.75 0.711 0.711 0.877 0.712 0.724 
Peak friction 
angle, 
decreasing 
cohesion 
11 
30 
5.789 5.778 6.785 5.747 5.616 
5.5 5.775 5.763 6.747 5.727 5.572 
2.75 5.768 5.756 6.729 5.716 5.545 
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5.2.3.3. Progressive Toe-Cutting  
As illustrated in Figure 5.5B, the morphology of Barwon Canyon and the failure features 
presented on both canyon walls suggest a bottom-up development through scouring of 
the feet of the slopes, a result of both intracanyon sedimentary processes and possibly 
regional movements of bottom currents. With this speculation, scenarios simulating 
progressive toe-cutting, previously described in Section 4.4.5.4, were applied to both the 
CMS and SMS slope profiles. The results are summarised in Figure 5.18.  
The geometry of the failed slope material is approximated by aligning the reconstructed 
slope profile with the present slope profiles. The geometry is then altered over five stages 
to simulate toe erosion. Up to 50% of the toe is removed, producing minimum FoS 
values of approximately 4. Although this is significantly lower than the whole-of-slope 
slip surface’s FoS (almost 6, c.f. Section 5.2.3.1), it is still highly stable under static 
conditions. As such, these models suggest that while toe-cutting, by either canyon activity 
or bottom currents, cannot be discounted as a factor in the morphological development 
of the Maroochydore Slopes, it is insufficient in inducing failure without more 
destabilising forces.  
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Figure 5.18. Toe-cutting slope stability modelling CMS (top) and SMS (bottom). The present slope geometry is shown in yellow, reconstructed slope profile by black bold line, the 
failure mass is shown in green, whole-of-slope slip surface shown by blue dashed line, and series of slip surface caused by toe-cutting are shown in red. The FoS values for the 
respective slopes are shown in blue and red.  
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5.2.3.4. Pseudo-Static Analysis 
Following the conclusion from the previous section, where toe erosion alone is not 
enough to induce failure, seismic loading will be considered as the final trigger.  
The theory of pseudo-static analyses by applying hypothetical groundshake in the 
horizontal and vertical directions is outlined in Section 3.3.9.3 and described in detail in 
Section 4.4.5.3. Similar assumptions apply as per pseudo-static modelling performed in 
the previous case study:  
1. earthquake waveform is not considered 
2. liquefaction as a potential consequence of earthquake-induced overpressure is not 
considered, and 
3. the magnitude of ground acceleration is assumed to be constant over time and 
uniform over the entire modelled slope 
With input values representing horizontal acceleration to the right of the profile (kh > 0) 
and vertical acceleration in the upward direction (kv < 0) (see Section 4.4.5.3 for detailed 
explanation), the resultant FoS values for each profile (CMS, Slump DR2, and Slump 
DR3) are summarised in Figure 5.19 (c.f. Appendix F.3). As CMS and SMS are 
morphologically and structurally similar, only the former of the two will be modelled 
here.  
All three profiles yield similar results: in summary, with a vertically upward acceleration in 
place, a minimum kh value of approximately 0.3 g is required to destabilise the 
Maroochydore Slopes. An earthquake of this equivalent magnitude is relatively rare upon 
the EACM, and the slopes are inherently very stable.  
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Figure 5.19. Effects of horizontal seismic acceleration on FoS for (A) CMS, (B) Slump DR2, and (C) Slump DR3. 
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5.3. Discussion and Interpretation  
The Maroochydore Slopes at least 40 km to the north of the WBCS with a lot of slope 
(which seems similarly dissected) in between, and thus the previous chapter has 
addressed a lot of the timing of significant large-scale events and phenomena (Section 
4.5). In summary, the WBCS case study described a sequence of events involving 
scouring of the toes of the slope by the ABW, which peaked in its intensity during the 
Middle Miocene Disruption (detailed in Sections 2.3.2.1 and 4.6). Initial incision of the 
continental slope occurred during the Pliocene, or possibly earlier, but the onset of 
extensive canyon incision and other whole-of-slope processes probably occurred 
subsequent to the deposition of the Early Pliocene material recovered from the DR2 
Slump. Retrogressive failure and ongoing erosion by a combination of the ABW and the 
EAC thereafter acted as the major controls for slope morphological processes.  
The Maroochydore Slopes offer a stark morphological contrast to the WBCS. Where the 
slopes are deeply and extensively incised at WBC, and host whole-of-slope failures, the 
Maroochydore Slopes present several relatively large, independent, amphitheatre-crested 
failure features that are located within the middle slope, between 1500 m and 4000 m 
water depth. They have no apparent connection to any onshore features.  
There are three groups of morphological features in this study area: (1) the North 
Maroochydore Slide, Central Maroochydore Slide (CMS) and South Maroochydore Slide 
(SMS), (2) Barwon Canyon and the intracanyon Barwon Slide, and (3) the DR1, DR2, 
and DR3 Slumps.  CMS and SMS appear to be large-volume failures with coalescing, 
laterally-extensive crests; Barwon Canyon is a relatively immature canyon (Puga-Bernabéu 
et al. 2013) with shallow incision, undeveloped tributaries, and only one sizable failure 
within the canyon channel (Barwon Slide). The three slumps on the slopes south of 
Barwon Canyon are smaller failures with parabolic headscarps.  
The Maroochydore Slopes allow for two of the three main objectives of this thesis to be 
investigated in this case study: (1) the timing of slope incision and dissection, and (2) the 
nature and magnitude of destabilising forces required to induce slope failure.  
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5.3.1. Timing of Slope Dissection  
The oldest dredge samples collected from this area are of Early Oligocene age; DR3 was 
recovered from the foot of the slope, near the mouth of Barwon Canyon. As this failure 
occurred on the canyon wall of Barwon Canyon – that is, the failure took place after the 
dissection of the canyon mouth – it can be concluded that canyon incision likely post-
dates the Early Oligocene.  
Assuming the materials are older than the failure scarps on which they were exposed, the 
failures most likely post-date the Pliocene epoch, as suggested by the biostratigraphic 
record preserved by DR2, and definitely occurred after the Middle to Late Miocene, 
based on the biostratigraphic age of DR1.  
 
5.3.2. Barwon Canyon Development  
Barwon Canyon appears to be a blind canyon, formed by bottom-up erosion, with a 
morphology dominated by the coalescence of large failure scarps. The lack of 
morphological features on the upper slope and continental shelf that connects the canyon 
to any onshore river systems supports this, as does the absence of dendritic erosion at the 
canyon head. The Canyon is also more eroded and dissected at greater depths, compared 
with its shallower portion.  
Active erosion of the toe of the slope by bottom currents possibly began during the 
Middle Miocene Disruption (Flower & Kennett 1994, Hall et al. 2003, Barker et al. 2007), 
but probably peaked more recently, during the deep glaciations of the Quaternary 
associated with the expansions and contractions of the southern hemispheric icesheet, 
and the amplification of these effects due to the formation and sympathetic oscillations 
of the northern hemisphere icesheets (Barker et al. 2007). 
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5.3.3. Possible Failure Triggers 
Experimental results and morphology of the study area suggest that the material 
composing the Maroochydore Slopes is too strong and stable to fail without strong 
groundshake. While back analysis has managed to induce hypothetical failure, these 
scenarios require such a substantial loss of strength or an absurdly weak layer than they 
seem unlikely. Toe-cutting may be active but the amount of material that needs to be 
removed is not likely to be realistic.  
Having eliminated these improbable triggers, earthquakes seem to be the most likely 
primary triggering mechanism for the failures that have occurred on the Maroochydore 
Slopes. Pseudo-static modelling suggests that ground acceleration of similar magnitude to 
those described for Inskip Slide (Section 4.4.5.3) is required for the laterally-extensive 
slides to the north of Barwon Canyon. For the smaller failures on the southern slope 
adjacent to the canyon, Slump DR1 may be related to canyon activity, which eroded the 
base of the canyon walls, subsequently leading to steepening. Slumps DR2 and DR3, in 
comparison, initiate on the middle or lower slopes and appear to have no direct 
connection to canyon activity. The failure of Slump DR1 might have contributed to the 
destabilisation of the slope and the eventual failure of the two smaller slumps, but the 
primary trigger for both Slumps DR2 and DR3 is believed to be earthquakes.  
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5.4. Conclusions  
The continental slopes offshore the city of Maroochydore present a variety of erosive 
features, the most prominent being Barwon Canyon and the slump scars on its adjacent 
intercanyon slopes. In contrast with Wide Bay Canyon, Barwon Canyon is less incised 
and developed, appears to be confined to the slope, and lacks a dendritic canyon head; 
these features all suggest a bottom-up incision mechanism rather than a top-down one. A 
series of small failures appear to radiate from the canyon axis (and is suggested to also 
extend up the canyon walls), an indication that the canyon has continued to incise and 
extend through retrogressive failure. 
A series of three laterally-extensive failures (with headscarp widths measuring 4-11 km) 
are present to the north of the canyon; these Maroochydore Slides have morphologies 
comparable with that of Inskip Slide, and are possibly whole-of-slope failures. Slope 
stability modelling has produced results largely similar to those for Inskip Slide, with the 
slopes being extremely stable under static conditions, and highly unlikely to fail without a 
substantial external trigger, even with large amounts of toe erosion.  
To the south of the canyon, three smaller failures (Slumps DR1, DR2, and DR3) with 
distinctly amphitheatre-shaped headscarps are present at various depths, ranging from the 
upper-middle slope to the foot of the margin. Biostratigraphy from samples dredged 
from each of these scarps suggest failure ages in the range of post-Oligocene to post-
Pliocene. These failures appear to postdate the incision of the canyon, with the oldest 
sediments locating further offshore. These failures are also stable without external 
triggers, being smaller than the Maroochydore Slides.  
The overall morphology of this study area suggests that bottom-up incision, probably 
induced and driven by Antarctic Bottom Water in the Oligocene/Miocene, has had a 
significant role in the slope’s morphology, in particular the incision of the blind Barwon 
Canyon. However, subsequent failure on the intercanyon slopes requires more powerful 
triggers, such as earthquakes with ground acceleration of approximately 0.3-0.4 g. 
Intracanyon slopes have likely failed by the erosion of the foot of the walls by canyon 
flow, and retrogressive failure has extended the canyon over time.  
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Chapter 6 
Tweed and Byron Canyon Systems 
This chapter presents the third East Australian Continental Margin (EACM) case study 
and focuses on the Tweed Canyon System (TCS) and the nearby Byron Canyon. Both 
features deeply incised the continental slope, and expose Miocene-aged hemipelagic 
consolidated muds (Boyd et al. 2010, Hubble et al. 2012). Four dredge hauls were 
undertaken in this area, two within the TCS and two from Byron Canyon (Figure 6.1). 
This case study aims to constrain the timing of both canyon incision and slope failure, 
and investigate the possible role of canyon incision and toe erosion in slope 
destabilisation.  
 
6.1. Major Morphological Features   
The TCS is the northernmost canyon system in the Southern Canyon Zone (SCZ), 
flanked by the Nerang Plateau to its north. Two dredge samples have been recovered 
from this feature by Boyd et al. (2009): one from the Nerang Plateau (northern) wall of 
the TCS, and a second from an isolated peak that protrudes from the canyon floor. The 
Byron Canyon and Slide is the second major feature that was sampled by Boyd et al. 
(2009) (recovering one dredge and one core sample, c.f. Clarke et al. 2012, 2014), and 
sampled again by Hubble et al. (2013), this time recovering one dredge (DR021) (Figure 
6.2).  
This chapter will describe the particular morphology of both features, investigate the 
forces and factors that led to their current appearance, and suggest a relationship between 
their formation and regional and global conditions, based on biostratigraphic data. As 
with the Wide Bay Canyon System (Chapter 4) and Maroochydore Slopes (Chapter 5), 
this case study will also attempt to support and supplement the East Australian Margin 
Evolution (EAME) Model, first introduced in Section 2.4.1.  
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Figure 6.1. Bathymetric image illustrating the regional geography of the TCS/Byron 
Canyon study area (extent indicated by white rectangle) and its position relative to the 
east Australian coast. QLD = state of Queensland; NSW = state of New South Wales; 
NCZ = Northern Canyon Zone. Extent of the canyon is indicated by white dotted 
lines; major intracanyon features (Jock’s Peak and Byron Slide) are labelled in black. 
The location of the Miocene Unconformity is indicated (cyan dashed line).  
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Figure 6.2. Study area of TCS and Byron Canyon, with sample sites labelled in oblique view, including dredge 
tracks (black dot = start, white dot = end) and downslope profile (blue point = change of slope) showing average 
gradients of Nerang Plateau (violet), the upper slope (green), and lower slope (red). Extent of the canyon is indicated 
by white dotted lines; major intracanyon features are labelled in black.   
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6.1.1. Tweed Canyon 
The head of the Tweed Canyon is situated at the continental shelf break at 28°13’S, 
immediately south of the Nerang Plateau which divides the NCZ and SCZ. It is located 
offshore from the city of Tweed Heads (and the associated Tweed River) in northeastern 
NSW (Figure 6.1). The canyon channel trends SSE downslope from the head to 
154°05’E/28°31’S (Figure 6.3, 6.4 R1-R4), from where it trends to the east to its mouth 
on the abyssal plain at 28°33’S (Figure 6.3, 6.4 R5 and R6). Two dredges, DR8 and DR9, 
were recovered within Tweed Canyon (Figure 6.2, Appendix B.1, B.2).  
SS2008-V12 collected high-quality bathymetric data from Tweed Canyon and its 
surrounding continental slopes (Boyd et al. 2009, 2010). Harris et al. (2014) classified 
Tweed Canyon as a shelf-incising canyon with no clear connection to major river 
systems, and while the position of the canyon head coincides with that of the outlet of 
Tweed River, there is an absence of morphological features that directly connect the river 
and the canyon on the continental shelf (Figures 6.1 and 6.2). At least six tributary 
systems dissect the southern wall of the TC (Figure 6.4A) while the southern edge of the 
Nerang Plateau to the north forms a canyon wall with a relatively steep slope and smooth 
surface appearance. Rather than being oriented directly out to sea (i.e. orthogonal to the 
margin, as is the case for the other canyons investigated in this thesis, c.f. Chapters 4, 5, 
and 7), the Tweed Canyon thalweg is oriented towards the southeast with a bearing of 
140°, until the lower slope at ~3000 m water depth (Figure 6.4A, indicated by red dotted 
line; B3 in Figure 6.4B), where it re-orients towards 090 east as the canyon opens out to 
the abyssal plain (Figure 6.6A, indicated by pink dotted line). These changes in channel 
orientation and morphology divide the thalweg into four major components (Figure 6.3): 
(1) the canyon head, (2) straight segment from the canyon head, which trends SSE 
downslope and connects to tributary canyons I to V (Figure 6.4A), (3) a middle-canyon 
channel ‘bend’ segment characterised by a broader, more open and incised middle and 
lower slopes, and (4) the canyon mouth.  
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Figure 6.3. Tweed Canyon’s four major segments: the dendritic canyon head, the straight segment (where the 
thalweg is largely straight and southwest-trending), the curved segment (where the thalweg bends southwards), and 
the canyon mouth (where the canyon opens to the abyssal plain).  
The Tweed Canyon head (Figure 6.4A, indicated by black bold line) presents a distinctly 
triangular outline with a set of incised channels organised into a dendritic drainage 
pattern that are incised into the upper slope, suggesting erosion by shelf-derived, sand-
laden density currents delivered by the EAC to the canyon head cascading downslope (as 
with WBC; see Section 5.5.2). 
The second component, the straight segment, between water depths of 1300–2500 m, 
measures almost 22.5 km in total, and can be further divided into three reaches (Figure 
6.4B, R1, R2, R3). All three reaches trend towards the SSE, with bearings varying 
between 125° and 150°. Many secondary/tributary canyons dissect the southern wall 
(which is parallel with the continental shelf break) in this segment, with erosion 
producing protruding ridges. Most of these secondary canyons are laterally extensive, 
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with linear headscarps parallel to the shelf break, giving them the rectangular form of box 
canyons.  
In this straight segment, a peak-like feature presents on the southern canyon slope, 
halfway towards the central canyon floor (Figures 6.1 and 6.2, indicated by black dotted 
line; Figure 6.4A, indicated by yellow dotted line). This feature, named Jock’s Peak by 
Boyd et al. (2010), is a high-standing remnant of the main Tweed Canyon and the 
secondary canyons (most probably III and IV in Figure 6.4A), which has been 
disconnected from the southern canyon wall by the intersection of adjacent erosive 
conduits. Subsequent slumping from its flanks has probably produced the morphology of 
Jock’s Peak.  
The third component, the curved segment, at a shorter 20 km in length and spanning 
water depths of 2500 m to approximately 3000 m, can also be divided into three reaches 
(Figure 6.4B, R4, R5, R6). These reaches represents a large bend in the canyon thalweg 
that reorientates it to trend southwards, finally reaching an easterly bearing of 075° at the 
mouth of the canyon. Here, the channel widens as the canyon feeds into the abyssal 
plain. 
Upslope of the main channel of the canyon, located on the southern wall, are a series of 
small circular erosive failures, possibly formed by ongoing canyon incision eroding the 
canyon channel and destabilising adjacent slopes. Small but morphologically-distinct 
slump scars are prominent at the foot of the southern canyon wall (Figure 6.4A, indicated 
by black dotted lines).  
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Figure 6.4. Tweed Canyon with features annotated: (A) canyon head (black bold line), secondary canyons (black dashed lines), lower slope slump scarps (black dotted lines), 
intracanyon rills (white dotted lines), headwall scarps (green dashed lines), canyon wall crest scarps (blue dashed lines), canyon thalweg (red dotted line for straight segment, pink 
dotted line for curved segment, separated by white dashed line), and Jock’s Peak (yellow dotted line). (B) Bearings and lengths of canyon reaches (‘R’), and positions of the points 
of inflections/bends (‘B’), with sampling sites (black labels). 
A B 
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The northern wall of the TCS, which defines the southern boundary of the Nerang 
Plateau, comprises a relatively intact and continuous surface, but including a prominent 
terrace along the top of the wall (Figures 6.5, indicated by blue dashed line). Ten km 
downslope the canyon thalweg, at water depth of approximately 2000 m, the canyon wall 
is marked by a series of overlapping translational slides and shallow-seated slumps, which 
have produced crescent-shaped headscarps and linear rills (Figure 6.5, indicated by black 
dotted lines). The northern canyon wall otherwise presents little evidence of large-volume 
mass failure, which suggests that it has resulted from direct down-cutting of the canyon. 
Alternatively, this may reflect a resistant lineation in the basement.   
 
 
Figure 6.5. View of Tweed Canyon from the south, showing morphology of the northern canyon wall: prominent 
terrace (blue dashed lines) and lower slope slump scarps (black dotted lines). Visible features of the southern wall are 
also indicated: headwall scarps (green dashed lines), secondary canyons (black dashed lines),  and Jock’s Peak (yellow 
dotted line). Canyon thalweg is traced by the red dotted line. 
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Figure 6.6. Down-channel long profile of Tweed Canyon. Blue labels indicate the four major segments of the canyon (c.f. Figure 6.5). Positions of channel bends (‘B’; c.f. Figure 
6.6B) and local highs (‘H’) are indicated.  
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Tweed Canyon’s long profile (Figure 6.6) is 45 km in length, which is significantly longer 
than the channel of WBC (27 km) and Barnon Canyon (19 km). The long profile has a 
steeper gradient above 1200 m depth (11.5°), which is the point where the dendritic 
tributaries at the canyon head coalesce into a singular canyon channel (B1 in Figure 6.8). 
Down-canyon of this point, the long profile is overall relatively straight, being neither 
concave nor convex. However it includes several small local highs (denoted H1, H2, and 
H3 in Figure 6.6), each of which has a concave-upwards low immediately downslope.  
H1 is located at a depth of 1500 m, which halfway down the canyon in the straight 
segment, and where the first of the intracanyon slumps is located in the adjacent southern 
wall of the canyon (Figure 6.6). This local high is thus possibly a mass of relatively intact 
slump material that has been transported to H1 – a small distance (~6 km from the steep 
canyon head) from its initial position. H2 is located at 2100 m depth, and is also 
immediately downslope of several small slump scars on the adjacent southern canyon 
wall (the headscarps of the slumps can be seen between H1 and H2 at water depth of 
1750 m, marked in green in Figure 6.6,); H2 is also interpreted as blocks of failed material 
derived from the adjacent canyon slopes. H3 is at 2700 m water depth, where the canyon 
enters into its final reach towards the abyssal plain. 
The canyon transverse cross-sections (Figure 6.9; Appendix B.1) are predominantly V-
shaped in the straight segment of the canyon (Reaches 1 and 2, c.f. Figure 6.6B; blue and 
magenta sections in Figure 6.9), suggesting strong, active erosion and downward incision. 
The channel in the second and third segments, in contrast, is U-shaped (Reaches 3, 4, and 
5, c.f. Figure 6.6B; green, violet, and orange sections in Figure 6.9), probably indicating 
significant deposition in this stretch of the canyon floor. Activity in both segments is 
possibly related to the secondary, ‘box-shaped’ canyons on the southern wall (parallel to 
continental shelf break), where erosion at the canyon floor and undercutting of the wall 
lead to the slope’s failure. The canyon mouth (Reach 6, c.f. Figure 6.6B; black sections in 
Figure 6.9) constricts slightly from the curved segment, resulting in a narrower, but still 
U-shaped canyon floor. It is possible that some of the canyon fill has been deposited in 
this segment (Figure 6.10). A depositional fan is not evident at the canyon mouth, which 
indicates either rapid removal of the material by ABW, or that the deposition took place 
within the canyon.  
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Figure 6.7. 
Cross-canyon 
profiles down 
the channel of 
Tweed Canyon, 
aligned along the 
thalweg, 
orthogonal to its 
axis. The profiles 
are colour-coded 
according to the 
reaches in which 
they belong (as 
per Figure 6.6B). 
Segments of the 
canyon as 
defined in Figure 
6.5 are indicated, 
with reference to 
water depth of 
the canyon floor. 
H1, H2, and H3 
as shown in 
Figure 6.8 
corresponds to 
B–B’, I–I’, and 
P–P’. 
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Figure 6.8. Selected cross profiles (A-A’, C-C’, M-M’, S-S’), showing 
the progression of cross-canyon morphology down-canyon. Average 
slope angles are included, and the geometry of S-S’ without canyon 
fill is extrapolated. 
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Figure 6.9. Average slope angle progression of canyon walls plotted against the depth of canyon thalweg. The 
southern wall slopes are indicated in blue, and those of the northern wall are indicated in red. Respective trend-lines 
for both the straight and curved segments are included.  
The cross-canyon profiles demonstrate that the two walls of Tweed Canyon are highly 
asymmetrical (with the thalweg as axis). The southern canyon wall, which is partially 
controlled morphologically by the continental shelf break, is more dissected than the 
northern wall, which is flanked by the Nerang Plateau. Both walls are steep: the northern 
wall has an average slope of 5.7° and the southern wall has one of 6.2°. The canyon 
channel has a distinctive V-shaped cross section until it reaches a water depth of 2510 m 
(Profile L–L’; B3 in Figure 6.6B), which is close to the point where the canyon channel 
curves into the bend that ultimately feeds southward to the abyssal plain. Many of the 
profiles coalesce into the same upper wall profile along the southern wall (G–G’ to N–N’ 
in Figure 6.9), possibly indicating some form of geological (i.e. bedrock) control at the 
shelf break that prevents the canyon from incising further, both retrogressively into the 
shelf and downward into the slope. The main morphological characteristics described 
above are summarised in Table 6.1. 
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Figure 6.10. Surface statistics of Tweed Canyon showing (A) extents of the canyon (white dashed line), crest of 
Jock’s peak (yellow dotted lines), position of the thalweg (white dotted line), canyon floor (outlined in red dashed 
lines), and lower slope slumps (pink dotted lines) (for reference purposes), (B) local slope, and (C) rugosity 
(roughness). 
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Table 6.1. Summary of morphological characteristics of Tweed Canyon. Measurements are relative to position of 
canyon thalweg. 
Morphological Feature Description 
 Straight Segment Curved Segment 
Cross-sectional profiles  
(Figure 6.7) 
A–A’ to L–L’ M–M’ to R–R’ 
Reaches  
(Figure 6.4B) 
R1 to R3  R4 to R6 
Canyon head 
Triangular, dendritic (Figure 
6.4A, black bold line) 
–– 
Number of tributaries 
Five major tributaries, all 
along the southern wall 
(Figure 6.4A, black dashed 
lines, labelled I–V)  
One on southern wall, at the 
start of the segment (Figure 
6.4A, black dashed lines, 
labelled VI) 
Cross-sectional form V-shaped  U-shaped  
Canyon crest width  
(Figure 6.7) 
5.5–6.5 km  6.5–7 km  
Canyon floor width 
(Figure 6.7) 
0 km ~0–5.5 km  
Canyon floor slope 
(Figure 6.6) 
3.2° average  2.1° average  
Canyon wall slope 
(Figure 6.7) 
~12° at the head, decreasing 
to 8°  
6.1° (southern wall) and 6.4° 
(northern wall) at the start of 
segment, slightly increasing 
downslope   
Incision depth 
(Figure 6.7) 
700 m at the head, varies 
between 620–800 m  
510 m at the start, 570 at the 
canyon mouth, varies between 
510–680 m  
Water depth 
(Figure 6.7) 
260–2500 m   2530–3070 m  
Straight length 22.0 km 15.3 km 
Total length 22.5 km 20.0 km 
Sinuosity 1.02 1.31 
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6.1.2. Byron Canyon  
Byron Canyon is located on the interfluve immediately south of the TCS, at 28°37’S 
(Figures 6.1 and 6.2), about 28 km offshore from Cape Byron, and only 8 km south of 
the southern extent of Tweed Canyon. Two dredges were recovered from the exposed 
failure scarp of the Byron Canyon (DR021, DR16). 
Clarke et al. (2012, 2014) assessed the materials deposited in the upper part of Byron 
Canyon, and the tsunamigenic potential of the slope immediately to its south, with 
particular focus on its uppermost failure surface, named the Byron Slide (Figure 6.11). 
They found that the material from the slip surface had experienced compaction 
equivalent to 200 m of burial. Material above and below the slide plane are generally 
similar in composition, and have radiocarbon ages of 15.8 ka and 47.4 ka, respectively 
(Clarke et al. 2012). Using earthquake loading as the hypothetical triggering mechanism, 
they also suggest that ground acceleration of no less than 0.3 g would have been required 
to induce failure (Clarke et al. 2012).  
 
Figure 6.11. Byron Slide, the uppermost failure within Byron Canyon, as investigated by Clarke et al. (2012). Black 
line denotes the perimeter of the slip surface above the lower sections of the blind canyon, which is interpreted as 
the most recent failure of significant size at this site. 
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Figure 6.12. Byron Canyon with main features annotated: upper slope headwall scarps (green dashed lines), 
sampling sites (black dots), Byron Canyon/Slide headscarp (black bold lines), slump scarp marking base of Byron 
Slide (blue dotted line), middle slope slumps (yellow dotted lines), intracanyon slump masses (red dotted lines), 
canyon wall crests (white dashed lines), and perimeter of filled canyon floor (pink dashed lines). 
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The lower Byron Canyon (below the failure feature investigated by Clarke et al. 2012) 
does not present features that indicate extensive upslope incision or lateral extension of 
the canyon head; it instead is a relatively narrow trough, measuring only 3 km in average 
width, and about 20 km in length from headscarp to toe. The slope angle is fairly 
consistent along the top part of the canyon axis, averaging ~6.5°. From approximately 
1250 m water depth, the canyon floor is much rougher in morphology, and rapidly 
deepens. At 2200 m water depth, the slope shallows once more as the canyon opens to 
the abyssal plain (~4500 m) (Figure 6.14).  
The Byron Canyon is more laterally-restricted compared with the Tweed Canyon, and is 
oriented perpendicular to the continental slope, with the canyon thalweg being linear and 
trending towards the east. Above the canyon head, at approximately 500 m water depth, 
the upper slope presents headwall scarps (Figure 6.12, indicated by green dashed lines). 
Within the canyon, most of the failures appear to be localised, deeply-seated slumps 
(Figure 6.12, indicated by blue and yellow dotted lines), with their spatial distribution 
constrained by canyon walls (Figure 6.12, indicated by white dashed lines). These slumps 
are largest at the middle slope, at the end of and below the Byron Slide (Figure 6.12, 
indicated by blue dotted line). At the lower slope (depths below approximately 2500 m), 
the gradient of the canyon floor greatly decreases from 15° to 1.4°, suggesting that 
deposition may have occurred in this reach of the canyon (Figure 6.12, perimeters 
indicated by pink dashed lines). At least six debris blocks are present on the canyon floor 
in this area (Figure 6.12, indicated by red dotted lines).  
While the Tweed and Byron Canyons may initially appear quite different, they share close 
similarities in hosting linear blind canyons and small slumps, commonly present on their 
middle and lower slopes.  
Twenty profiles were sampled across Byron Canyon to investigate its cross-channel 
morphology and its downslope evolution (Figure 6.13).   
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Figure 6.13. Cross-canyon profiles down the channel of Byron Canyon, shown from above. These profiles are 
plotted by aligning them orthogonally along the thalweg, and colour-coded: blue = Byron Slide scarp, magenta = 
steep V-shaped middle slope segment, green = gently-inclined U-shaped lower slope segment. 
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Figure 6.14. Average slope angle progression of canyon walls plotted against the depth of canyon axis. The 
southern wall slopes are indicated in blue, and those of the northern wall are indicated in red. Polynomial trendlines 
are fitted to the two sets of data.  
Unlike Tweed Canyon, Byron Canyon is relatively symmetrical and linear (Figure 6.13). 
The northern wall is consistently taller than its southern counterpart by 50–200 m, 
though their gradients are generally similar for the entire downslope extent. The cross 
profiles exhibit a curved, U-shaped morphology between the head of the canyon (Figure 
6.15, blue profiles) and the first prominent slump at the depth of approximately 1250 m, 
from whence the canyon floor becomes distinctly V-shaped (Figure 6.15, magenta 
profiles). This morphology persists until the depth of approximately 1750 m water depth, 
where the canyon floor gradually widens (Figure 6.15, green profiles) into a U-shape. The 
northern wall shows no clear pattern of change in gradient down-canyon, however the 
southern wall appears to get progressively steeper until it reaches a peak gradient at 
approximately 1775 m water depth, which is at the point where the canyon floor begins 
to open. These features and their characteristics are summarised in Table 6.2. 
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SS2008-V12 recovered one dredge from the lower slope of this site, DR16, which was 
collected from the canyon floor at the lower slope. SS2013-V01 recovered one dredge 
from within the Byron Slide failure scarp (Figure 6.14, indicated by black dots). 
 
Table 6.2. Summary of morphological characteristics of Byron Canyon. Measurements are relative to position of 
canyon thalweg. 
Morphological Feature Description 
Canyon head 
Parabolic, confined to slope, no incision into the shelf (Figure 
6.14, black bold line) 
Cross-sectional form 
U-shaped for upper slope (Byron Slide failure scarp, Figure 
6.15, blue profiles), V-shaped for steep middle slope segment 
(Figure 6.15, magenta profiles), U-shaped for gently-inclined 
lower slope (Figure 6.15, green profiles).  
Canyon crest width  
(Figure 6.15) 
2.5 – 5 km   
Canyon floor width 
(Figure 6.15) 
<0.5 – 3 km  
Canyon floor slope 
As canyon axis: upper (Byron Slide) segment – 6.5°; middle 
segment – 15°; lower segment – 1.4° 
Canyon wall slope 
(Figure 6.16) 
Highly variable with no discernible pattern; majority between 
5.5° and 7.5°   
Incision depth 
(Figure 6.15) 
Maximum ~5000 m relative to adjacent canyon walls (e.g. 
Figure 6.15, Profile F–F’, G–G’) 
Water depth 
(Figure 6.15) 
500–2400 m   
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6.2. Results  
6.2.1. Sedimentology and Biostratigraphy   
 
Figure 6.15. Summary of grain-size distribution of the dredge samples recovered from the Tweed Canyon/Byron 
Canyon region. DR8 and DR9 were sampled from Tweed Canyon, while DR16 and DR021 were sampled from 
Byron Canyon.  
 
Samples recovered from Tweed Canyon are consistent with the general description of 
EACM slope material in lithology and grain-size distribution. They comprise a mix of 
siliciclastic and carbonate silt- and sand-sized particles, with a minor amount of clay 
(Figure 6.15).  
Samples recovered from Byron Canyon, however, are quite different. The DR16 dredge 
(SS2008-V12) contained seven different lithologies, whereas most other dredges have no 
more than three. DR16 included volcaniclastic paraconglomerate with basaltic clasts and 
carbonate cement, in addition to the more common and widespread components.  
DR021 (SS2013-V01) samples are relatively homogeneous, and thought to be derived 
from the Tweed Volcano. Many of the dredge samples have surficial manganese/iron 
oxide coatings and extensive burrowing. While the other samples collected from the 
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EACM can generally be classified as silts or sands with a relatively consistent grain-size 
distribution, DR021 is finer-grained and contains equal amounts of clay and fine silt.  
In Section 3.4.1 I described the use of nanofossils to establish a sample’s biostratigraphic 
age. This method was particularly applicable to sample DR021, as it contained no 
discernible foraminifera and therefore could not be accurately dated by foraminiferal 
biostratigraphy. Figure 6.16 summarise the ages of the samples and their context (c.f. 
Appendix C.5).   
Downslope profiles of Tweed and Byron Canyons are plotted with the Nerang and 
Yuraygir Plateaus for reference, with their biostratigraphic results included in Figure 6.17.  
 
Figure 6.16. Biostratigraphic ages of the sites sampled within the TCS and Byron Canyon study area. Age-pairs are 
indicated with a line dividing the two ages.  
Yu (2018)  Tweed and Byron Canyon Systems 
267 
 
 
 
Figure 6.17. Downslope profiles of Tweed and Byron Canyons and the two neighbouring plateaus, with biostratigraphic results marked accordingly. The pre-failure profiles of the 
canyons probably resemble that of the Yuraygir Plateau more closely.  
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6.2.2. Modelling 
Direct shear tests were conducted on samples DR8 and DR9. The shear properties of 
these samples recovered from either side of Tweed Canyon are similar, and within the 
range of samples tested (c.f. Appendix D.1). The only property of note is their void 
ratios, which are the highest amongst all tested samples. This is possibly due to their 
relatively shallow recovery depths (c.f. Section 3.3.4. for more detailed discussion). The 
Byron Canyon slide scar was resampled during the SS2013-V01 voyage at a different 
depth to where it was previously sampled during SS2008-V12; experimental results are 
summarised in Table 6.3. 
Table 6.3. Geotechnical properties of DR8 and DR9 as calculated from the direct shear test, and of DR021as 
determined by the oedometer test. 
Sample  
Apparent 
Cohesion 
Friction 
Angle  
Bulk Unit 
Density 
Void 
Ratio 
Pre-consolidation 
Stress 
DR8 22.5 kPa 30.7° 9.3 kN/m3 1.67 –– 
DR9 20.4 kPa 29.6° 8.9 kN/m3 1.70 –– 
DR021 –– –– –– 1.25 1500 kPa 
 
 
Figure 6.18. The consolidation history of DR021, interpreted as per the Terzaghi method (see Section 3.3.2.1). The 
preconsolidation stress is therefore approximately 2.5 MPa.  
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The initial void ratio of this sample is amongst the lowest in the entire range of samples, 
and its consolidation behaviour is one of the most typically overconsolidated of the 
dredge specimens tested (Figure 6.18).  
The Tweed Canyon does not contain obvious large failures of the type which can be 
investigated with slope stability modelling. In contrast, Byron Canyon is flanked on both 
sides by relatively intact continental slopes, and their geometry was used to generate a 
hypothetical pre-failure slope. Three downslope profiles from the north of Byron Canyon 
and three from the south (Figure 6.19) were averaged to produce a northern and a 
southern profile (Figure 6.20).  
 
 
 
Figure 6.19. Regions of failure 
investigated in this case study, 
with the locations of downslope 
profiles referenced for slope 
stability modelling: A and B = 
profiles sampled from inter-
canyon slopes used for recon-
structing pre-failure profiles 
(dark shading). C = post-failure 
profile. Dashed line indicates 
Byron Canyon perimeter. 
 
Clean 
Annotated 
Yu (2018)  Tweed and Byron Canyon Systems 
270 
 
 
 
Figure 6.20. Averaged profiles of the (relatively) intact continental slopes to the (A) north and (B) south of Byron 
Canyon, and (C) comparison of the two with the post-failure profile; coloured lines represent individual profiles, 
and thick black lines are the calculated average slope profile.  
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6.2.2.1.  Static Analysis 
The present morphology of the Byron Canyon consists of distinctive step-like features 
(Figure 6.12, indicated as ridges by blue and yellow dotted lines) that suggest multiple 
episodes or stages of failure. Slope stability modelling conducted for this study suggests 
that the sediment column is inherently stable (FoS = 8.8 under static conditions) and 
should not fail without intense destabilisation (Clarke et al. 2011). I have repeated the 
static analysis on the Byron Canyon as per the methodology described in Sections 3.3.5 
and 4.4.5, the entry and exit points of the slip surface are restricted to generate a slip 
surface that resembles the current slope morphology. For a single whole-of-slope failure, 
the minimum FoS of the slip surface is high (at 5.898) (Figure 6.21). With this, it is 
apparent that the slopes are very stable without the presence of an external trigger.  
 
Figure 6.21. Static analysis of Byron Canyon for a whole-of-slope scenario. Green area = failed slope material; bold 
black line = pre-failure slope profile; dotted black line = current (post-failure) slope profile; blue dashed line = slip 
surface. 
 
6.2.2.2. Back Analysis 
Back analysis was carried out based on the assumption that the last scenario (upper slope 
initiation) presents the most realistic slip surface. Similar to the previous case studies, 
changes in cohesion does not significantly affect stability in the model, and only by 
reducing the friction angle down to below 3.75° does it fall below the critical value of 1 
(Table 6.4). 
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Table 6.4. A summary of the FoS for the Byron Slide profiles arising from reducing c and φ. Critical FoS are 
underlined. 
Scenario description 
Cohesion 
(kPa) 
Friction 
angle (°) 
FoS 
(lowest) 
Peak cohesion,  
peak friction angle 
22 30 5.467 
Peak cohesion, 
decreasing friction 
angle 
22 
15 3.998 
7.5 1.988 
3.75 1.013 
Peak friction angle, 
decreasing cohesion 
11 
30 
8.429 
5.5 8.343 
2.75 8.300 
 
 
6.2.2.3. Progressive Toe-Cutting  
Byron Canyon presents a morphology that strongly suggests bottom-up development; toe 
erosion appears to be a significant factor in sculpting the canyon, and possibly at least 
partially responsible for slope destabilisation that ultimately gave way to the Byron Slide. 
As such, toe-cutting scenarios were set up for Byron Canyon, using the method described 
in Section 4.4.5.4. The results are presented in Figure 6.23. Nine stages of toe-cutting 
were modelled in total. The resultant FoS for approximately 50% of material lost from 
the toe of the slope is almost 4, which is considered too high for the slope to fail under 
static conditions, even with extensive toe-cutting.  
If the toe-cutting model is restricted to the simulation of Byron Slide, however, the 
modelled profile must be adjusted. It is apparent from the morphology that the failure 
presents a concave-up surface and an amphitheatre-shaped headscarp, suggesting that the 
failed mass had most likely dislocated as a singular rotational slump. Smaller scarps 
downslope from this feature, crosscutting into the larger failure scar, suggest retrogressive 
failure (Figure 6.22), where these smaller, more localised slumps led to destabilisation of 
the sediment column upon which Byron Slide took place.  
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Thus a second model was generated by reconstructing only the pre-failure profile 
immediately before the Byron Slide event (Figure 6.24). Under static conditions, this 
yields a FoS value of 2.559, significantly lower than those of the other modelled scenarios 
so far, but still denoting a stable slope with retrogressive failure processes in place.  
 
Figure 6.22. Proposed sequence of retrogression along Byron Canyon. Existing failure scarps are marked in white, 
hypothetical past failure scarps in black. Slip surface of Byron Slide is highlighted in white; black line denotes canyon 
walls. 
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Figure 6.23. Toe-cutting slope stability modelling for the whole-of-slope failure scenario of Byron Slide. The present slope geometry is shown in yellow, reconstructed slope profile 
by black bold line, the whole-of-slope failure mass and slip surface are shown in blue, series of slip surface caused by toe-cutting are shown in red and pink. The FoS values for the 
respective slopes are shown in blue, pink, and red. 
 
 
Figure 6.24. Slope stability modelling for retrogressive failure scenario of Byron Slide. The present slope geometry is shown in yellow, reconstructed slope profile by black bold 
line, the whole-of-slope failure mass and slip surface are shown in green and blue, respectively.  
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6.2.2.4. Pseudo-Static Analysis  
Having determined that Byron Canyon is inherently too stable to have failed under static 
conditions even with extensive erosion of the toe, seismic loads were then applied to the 
models to investigate the effects of earthquakes. Taking the two extreme scenarios: (1) a 
whole-of-slope failure (for reference) (Figure 6.21) and (2) assuming the Byron Slide had 
failed in a single unit following retrogressive failure downslope (Figure 6.24), a series of 
horizontal and vertical seismic coefficients have been applied to the profile to investigate 
failure criteria under seismic loading. The results are summarised in Figure 6.25.   
 
Figure 6.25. Effect of horizontal seismic acceleration on FoS for the Byron Slide in (A) whole-of-slope and (B) 
upper slope slide only scenarios. 
It is unlikely that the Byron Canyon has been excavated and dissected through a whole-
of-slope failure in the same manner as the Inskip Slide (Section 4.4.5) and the three 
Maroochydore Slides (Section 5.2.3). The hypothesis being tested by slope stability 
modelling for the Byron Slide suggests triggering occurred when bottom-up erosion at 
the foot of the slope removed the sediment immediately downslope of the slide. 
However, pseudo-static modelling suggests that failure is unlikely to happen without 
significant seismic loads – ground accelerations of no less than about 0.2 g.  
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6.3. Discussion and Interpretation  
This case study shifts the focus to continental slopes south of Nerang Plateau, which are 
notably different to those north of the Plateau: the continental shelf is much narrower, 
the slopes are more intensively dissected, and canyons incise to greater depths. The TCS 
is the northernmost canyon in this section of the margin, flanked by the southern extent 
of the Nerang Plateau; two samples have been collected from within the canyon, and 
their ages can be used to infer the timing of canyon incision along this section of the 
margin. Meanwhile, the nearby Byron Canyon, where two dredge samples have been 
recovered, presents a geometry that allows for the investigation of the role of toe-erosion 
and bottom-up incision in slope destabilisation.  
 
6.3.1. Timing of Slope Dissection 
The two dredges recovered from the TCS, DR8 and DR9, are recovered from similar 
depths on opposite walls of Tweed Canyon. Their comparable biostratigraphy and 
lithological similarity have led to the interpretation that they were recovered from the 
same stratum on opposite sides of the Tweed Canyon. Two different lithologies were 
recovered and dated from the site of DR8, while a single lithology bearing two 
discontinuous foraminiferal assemblages was reported by DR9; the latter case is possibly 
related to the remobilisation of older material by turbidity currents, in a process described 
in Section 3.4.3.  
Based on these ages, it can be inferred that the marked intensification of canyon incision 
into the continental slope probably took place during the Middle Miocene. The regional 
model suggests that the sedimentation style for the margin changed from a dominantly-
depositional regime to a dominantly-erosive one during the Middle Miocene. The Tweed 
Canyon samples have a Middle Miocene hiatus in the biostratigraphic sequence 
(Chaproniere 2010), which coincides with the MMD, and may also be related to the Late 
Miocene global erosional event (Potter & Szatmari 2009). Since the sediments had to be 
present at the onset of canyon incision in order to be removed later, the youngest age of 
the sediments dates the earliest timing for canyon incision at post-Miocene.  
Yu (2018)  Tweed and Byron Canyon Systems 
277 
Findings further south along the margin are in agreement with the model. The onset of 
mass failure after the Miocene is probably a regional event, with consistent findings to 
the north (Marshall et al. 1998) and south (Exon et al. 2004) of the study area) as well as 
further offshore, 1000 km east of Lord Howe Rise (Bentz et al. 1972).  
The two samples from Byron Canyon preserve the history and sequence of local failure: 
DR16 recovered material from the canyon floor, while DR021 sampled the base of the 
uppermost and presumably most recent intracanyon failure. These ages along with local 
morphology, infer this to be a blind canyon that has developed retrogressively, in a 
bottom-up fashion comparable with that previously suggested for Barwon Canyon 
(Section 5.2.1.1). Biostratigraphy constrains Byron Canyon’s current morphology to an 
Early Miocene age at the oldest.  
 
6.3.2. Role of Toe Erosion  
Morphology of Byron Canyon strongly suggests both bottom-up incision and multi-
staged failure. Slope stability modelling suggests that while erosion and subsequent 
steepening of the toe have a significant effect in reducing the FoS of the reconstructed 
slope, toe erosion as a result of bottom currents alone is likely insufficient for triggering 
the Byron Slide. However, it is evident in the morphology that the canyon has probably 
been exposed to such processes, and erosive forces at its mouth and the local lower 
slopes possibly play a notable part in sculpting the canyon from the bottom up. 
Erosion at the foot of the Tweed Canyon walls by intracanyon flows, on the other hand, 
appears to be directly responsible for the series of secondary, shallow-seated canyons 
along the southern wall, which present smaller, but more deeply-seated slumps at their 
bases that cut into the canyon scarps. There is no biostratigraphic data that allows the 
timing of such occurrences to be constrained, but the position and morphology of the 
dissected canyon head is similar to that of Wide Bay Canyon (c.f. Section 4.4.1.1), and if 
the sedimentary forces affecting Wide Bay Canyon operate regionally, then it is possible 
that Tweed Canyon is still presently active in transporting material from the continental 
shelf to the abyssal plain.  
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6.3.3. Possible Failure Triggers  
Informed by bathymetric data, and after testing multiple scenarios through slope stability 
modelling, it is apparent that the slopes in this section of the EACM are stable in their 
composition and geometry, despite evidence of widespread failure. The only scenarios 
where the FoS of the modelled slopes fall below 1 involve dramatic reductions of 
sediment cohesion, and/or the application of a substantial horizontal seismic load. The 
most likely candidate to fulfil both these criteria is an earthquake trigger, which can in 
turn induce sediment liquefaction, where intergranular friction of the slope material may 
also be momentarily negated.  
As with the Wide Bay Canyon System (Chapter 4) and Maroochydore Slopes (Chapter 5) 
case studies, erosion of the toe of slope by bottom currents and of the foot of canyon 
walls by canyon activity cannot be discounted from being present upon the 
Tweed/Byron Canyon System, playing a part in shaping its present morphology, and 
possibly preconditioning the slopes for instability. However, they are almost certainly 
insufficient for being the primary trigger for ultimate slope failure.  
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6.4. Conclusions  
Morphology of the continental slopes to the south of Nerang Plateau is distinctly 
different from those in the north: more incised and eroded, with steeper failure headwalls 
that incise deep into the sediment column. Tweed Canyon is speculated to be oriented by 
the same set of bedrock controls that gave Nerang Plateau its resilience. This canyon 
incises into the shelf, with a dendritic head and many tributaries along its southern wall. 
The speculated bedrock control results in this canyon axis being straight and southeast-
trending from upper slope to middle slope, before it follows a more conventionally 
curved, perpendicular-to-slope path from middle slope to its mouth. Two samples 
recovered from equivalent depths on either canyon wall constrain the timing of 
significant canyon development to be post-Miocene.  
Byron Canyon, while proximal to Tweed Canyon, offers a contrasting morphology and 
history: it is narrow, and there is no dendritic canyon head to indicate top-down incision; 
in contrast, multiple ‘stepped’ parabolic scarps suggest a series of retrogressive failure, 
with the Byron Slide being the most recent failure event. Local morphology suggests 
erosion of the foot of the slope was intensive, and was directly responsible for the middle 
slope failures and subsequently the Byron Slide; however modelling results imply that a 
more catastrophic external trigger is still required. Biostratigraphy from samples 
recovered from failure scarps dates the current morphology to be Miocene age or 
younger.  
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Chapter 7 
Clarence Canyon Debris Field 
The Clarence Canyon is located in the southernmost extent of the section of the East 
Australian Continental Margin (EACM) surveyed during SS2013-V01 (Hubble et al. 
2013), and is flanked by the Yuraygir Plateau to the south (Figure 7.1). The canyon is a 
~30 km-long, east-west trending trough deeply incised into the continental slope. The 
~10 km-wide canyon floor is situated at an average water depth of 3500 m, 
approximately 1000 m above the adjacent abyssal plain. Bathymetric data show that this 
canyon is unique in its morphology. This is the only known site where blocky landslide 
debris that has obviously 
derived from nearby slopes is 
evident. Approximately forty 
distinct blocks are semi-
randomly distributed on the 
canyon floor as a ‘train’ of 
debris. No dredge samples 
were recovered from this site, 
but an attempt to core one of 
the larger debris blocks on the 
canyon floor returned with 
material in the core cutter. 
Earlier, a free-falling corer did 
not penetrate any significant 
distance into the debris block, 
despite a one-tonne weight 
and an impact speed of 
approximately 10–15 km/h.  
Figure 7.1. Study area of Clarence Canyon in plan view, with major coastal cities labelled for context, and location 
relative to the Australian continent indicated (inset).  
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7.1. Major Morphological Features 
The head of Clarence Canyon is situated 40 km offshore Evans River in northeastern 
NSW; Clarence River is in fact further south, near the city of Yamba (Figure 7.1). 
Although its location coincides with the outlet of the river, there is no apparent 
morphological connection on the continental slope that directly links riverine and canyon 
activity, and thus the Clarence Canyon is classified as a shelf-incising canyon with no 
clear connection to major river systems, as identified by Harris et al. 2014.  
 
Figure 7.2. Bathymetry of the main macrofeatures/localities described in this case study. 
The canyon extends from the upper slope (locally at 280 m water depth) all the way to 
the abyssal plain (~4000 m depth), and the 12 km-wide canyon channel extends 
approximately from 29°7’S to 29°13’S. The canyon floor, which extends from a depth of 
1630 m to the abyssal plain, is littered with a large number of debris blocks (Figures 7.2 
and 7.3). Thirty-four of these blocks are large enough to be distinctly identified with 
confidence in the bathymetry (which has a lateral resolution of 200 m at such depths). 
Their positions are summarised in Figure 7.5 (c.f. Appendix B.3).  
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There are several considerations in identifying and characterising the debris blocks:  
 given the settings of the multibeam equipment used for this study, and the depths 
of the Clarence Canyon Debris Field (1500–3500 m water depth), the minimum 
resolvable size for an object on the seabed is 200 m; therefore, the smaller blocks 
with dimensions of <200 m across cannot be resolved with confidence, and 
 some of the blocks do not present definitive polygonal outlines or a distinctive 
long axis. The former are excluded from sampling; the latter are excluded unless 
they are relatively large and prominent on the canyon floor. 
 
7.2. Results  
7.2.1. Morphology 
7.2.1.1. Clarence Canyon 
Clarence Canyon is the southernmost canyon in the entire EACM study area, bounded to 
the south by the Yuraygir Plateau (Figures 7.1, 7.2). Clarence Canyon as appears to be 
one of the most extensive and eroded canyons in the EACM, with a wide (12 km) 
headscarp presenting two lobes at the upper slope (Figure 7.2, indicated by bold white 
lines). These lobes incise into the upper slope, and present dendritic drainage patterns at 
their heads. The northern lobe presents five prominent tributaries, while the southern 
lobe is less extensively incised, presenting only four tributaries (Figure 7.3, indicated by 
white dotted lines). These two lobes are separated by an intact segment of continental 
slope material (Figures 7.2 and 7.3, indicated by yellow dashed line), which appears to 
have experienced extensive erosion at its toe. The canyon floor opens up and reaches its 
maximum incision depth immediately downslope of the joint headscarp (47 km from the 
maximum extent of the headscarp), making the slope immediately below the headscarp 
quite steep (17–25°) (Figure 7.4), and the constant width of the canyon floor gives the 
canyon a distinctly box-shaped morphology (c.f. Section 2.2.2.2).  
The headscarp and both side walls of the canyon are relatively smooth and devoid of 
sharp, defined erosive features, suggesting that the system has been under an erosive 
regime for a significant length of time. 
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Clarence Canyon is distinct from the other canyons of the EACM not only for the extent 
of erosion it has apparently experienced, but also for the local preservation of failed 
material. Failures along the EACM are believed to be largely disintegrative (however it is 
speculated that larger-scale depositional features such as olistostromes may be in the 
abyssal plain further offshore and/or buried). The canyon floor has an area of 336 km2: 
12 km in average width, and approximately 28 km in length from where it opens directly 
downslope from the headscarp to the abyssal plain. It is littered with tens of blocks that 
resemble debris masses from intact failures (Figure 7.3) – from this point onwards, this 
region will be referred as the Clarence Canyon Debris Field (CCDF). GC030 was 
sampled from one of the prominent blocks (Figures 7.1 and 7.3).  
 
  
Figure 7.3. Clarence Canyon with features annotated: northern lobe (white bold line A), southern lobe (white bold 
line B), tributaries (white dotted lines = headscarps, black dotted lines = incisions), intact slope segment separating 
the two lobes (yellow dashed line), failure scarps with potential to join the main lobes (pink dashed lines), ridges 
marking the positions of canyon walls (blue dashed lines), approximate perimeter of debris field on canyon floor 
(black dashed line), and sampling site (black dot).  
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Figure 7.4. Profiles down the centre of Clarence Canyon (A–A’) and a section of the adjacent Yuraygir Plateau (B–
B’). Slopes are measured for the continental slope of Clarence Canyon (green), the canyon floor (red), and the 
section of the plateau beyond the position of the shelf break (purple).  
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Figure 7.5. Debris blocks (white crosshairs) on the canyon floor of Clarence Canyon (also used in Section 2.2.2.1) 
and their assigned sample numbers. GC030 was recovered from Block 6. 
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Figure 7.6. Cross-canyon profiles down the canyon axis of Clarence Canyon, 
shown from above. These profiles are plotted by aligning them along the 
canyon axis.  
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The southern lobe incises slightly further landward than the northern coast (Profiles A–
A’), but otherwise their incision depths and downslope development are generally alike 
(Profiles B–B’ to F–F’), suggesting that they have been formed by similar if not the same 
sedimentary and oceanographic processes, and possibly simultaneously. The channels 
leading from both lobes maintain a V-shaped cross-section until the slope segment that 
separates the two terminates at a water depth of ~1600 m (Profile H–H’), after which the 
canyon floor opens laterally, with the northern extent of the northern lobe now acting as 
the northern canyon wall, and the southern extent of the southern lobe acting as the 
southern canyon wall. This point also marks the start of the CCDF, as the canyon floor 
widens and develops a U-shaped cross-sectional morphology, which is maintained until 
the abyssal plain.  
It can also be seen in Figure 7.6 that the canyon gradually widens downslope, though the 
increase is subtle: from 6500 m (Profile H–H’) to 1000 m (Profile S–S’) over a distance of 
15000 m. The canyon axis is almost entirely straight except for a small curvature spanning 
the length of the debris field (Figure 7.6).  
Table 7.1 summarises the morphological characteristics of the Clarence Canyon. 
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Table 7.1. Summary of morphometric characteristics of Clarence Canyon. 
Morphological 
Feature 
Characteristics  
Canyon head 
Two approximately amphitheatre-shaped lobes joined by the 
collapse of the intercanyon slope in between, highly dendritic 
(Figure 7.3, indicated by white dashed lines). 
Cross-section profile 
V-shaped within the two lobes, but presenting a box canyon with 
a wide, open, U-shaped canyon floor from approximately 1600 m 
water depth (Figure 7.3). 
Canyon crest/floor 
width 
The northern lobe is 6.2 km and the southern lobe is 3.4 km wide 
at their widest points (Figure 7.2, indicated by white dashed lines), 
separated by a 2.5 km-wide intercanyon slope (Figures 7.2 and 
7.3, indicated by yellow dashed line). After the canyon floor 
opens up, the width of the canyon floor varies between 7–12 km. 
Canyon floor slope 2–3° where it meets the abyssal plain (Figures 7.4 and 7.6) 
Canyon wall slopes ~25° within the lobes at the head of the canyon (Figure 7.6) 
Incision 
Maximum incision of 750 m at the point where the canyon floor 
opens (Figure 7.6), otherwise irrelevant as the adjacent slopes are 
no longer intact due to being heavily eroded. 
Depth 300 m (headscarp) – 2800 m (abyssal plain opening) 
Straight length 32 km 
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7.2.1.2. Debris Field  
Each of the thirty-four debris blocks identified on the CCDF is measured for its east-
west axis and north-south axis. Figure 7.7 illustrates the method.  
 
 
Figure 7.7. Schematic diagram illustrating the method by which each debris block is measured (not to scale).  
Their volumes are approximated by treating the blocks as rectangular pyramids:  
   
   
 
 
where V is the volume of the debris block, l is the length along the east-west axis of the 
block, w is the length (width) along the north-south axis of the block, and h is the height 
of the block (as indicated in Figure 7.7).  
The sampled debris blocks were selected for the clarity of their outlines on the canyon 
floor; this also implies that their sizes are more representative of the maximum sizes of 
the debris blocks on the canyon floor. Figure 7.5 indicates the numerical label assigned 
for each debris block. With consideration for uncertainty the exact extents of the blocks, 
the measurements are rounded as appropriate. A summary of the quantitative results is 
(7.1) 
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presented in Table 7.2; Figure 7.8 present a schematic layout of the debris blocks within 
the canyon, while Figure 7.9 summarises these bearings graphically.  
Table 7.2. Clarence Canyon debris dimensions. Lengths and widths are rounded to the nearest 10 m; heights are 
rounded to the nearest m. Estimated volumes are rounded to two significant figures. 
Debris 
Block 
E-W Axis 
(m) 
N-S Axis  
(m) 
Height  
(m) 
Area  
(km2) 
Volume 
   
 
 
(m3) 
Long Axis 
Bearing 
1 470 350 10 0.1645 5.5 x 105 077 
2 310 280 13 0.0868 3.8 x 105 078 
3 220 ? 8 –– –– 058 
4 300 ? 22 –– –– 052 
5 300 270 5 0.0810 1.4 x 105 051 
6 380 330 25 0.1254 1.0 x 105 085 
7 230 280 14 0.0644 3.0 x 105 051 
8 420 290 8 0.1218 3.2 x 105 -- 
9 270 240 4 0.0648 0.8 x 105 092 
10 350 280 13 0.0980 4.2 x 105 051 
11 230 270 10 0.0621 2.1 x 105 077 
12 430 220 11 0.0946 3.5 x 105 114 
13 580 320 15 0.1856 9.3 x 105 071 
14 280 220 6 0.0616 1.2 x 105 082 
15 360 320 11 0.1152 4.2 x 105 051 
16 ? 180 7 –– –– 068 
17 400 450 8 0.1800 4.8 x 105 –– 
18 400 230 4 0.0920 1.2 x 105 –– 
19 630 230 8 0.1449 3.9 x 105 080 
20 500 350 12 0.1750 7.0 x 105 –– 
21 320 230 11 0.0736 2.7 x 105 051 
22 500 490 33 0.2450 27 x 105 115 
23 340 380 14 0.1292 6.0 x 105 062 
24 ? 400 5 –– –– 060 
25 210 180 2 0.0378 0.3 x 105 –– 
26 380 480 24 0.1824 15 x 105 047 
27 ? 220 19 –– –– 058 
28 270 340 12 0.0918 3.7 x 105 063 
29 340 390 25 0.1326 11 x 105 –– 
30 430 340 12 0.1462 5.8 x 105 081 
31 250 220 30 0.0550 5.5 x 105 089 
32 530 280 21 0.1484 10 x 105 080 
33 400 280 7 0.1120 2.6 x 105 –– 
34 300 170 9 0.0510 1.5 x 105 067 
Minimum 210 170 2 0.0378 0.3 x 105 
Maximum 630 490 33 0.2450 27 x 105 
Mean 370 300 13 0.1146 4.8 x 105 
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Figure 7.9. A graphical summary of the bearings of debris 
blocks’ long axes against the frequency of their occurrence 
on the CCDF. Orientation of the canyon axis is denoted by 
the red line. 
 
Figure 7.8. Schematic layout of Clarence Canyon and associated debris field. Bold lines indicate the extents of the 
canyon head. The debris blocks (black dots) are shown with the orientation of their long axes (where 
distinguishable). The possible debris trail calculated as a line-of-best-fit is marked in red, which suggests an origin for 
this material in the northern lobe. Other possible mechanisms are marked in green and blue.  
 
The debris blocks measure in the 
order of hundreds of meters long 
and wide, and metres high. Their 
volumes vary from 30,000 m3 to 
2.7 million m3. There is no 
apparent winnowing of the masses 
down-slope in size or distribution, 
which implies a high-energy 
deposition mechanism (sufficient 
in carrying the larger blocks far 
from the head of the canyon) and 
their distribution is consistent with 
a single event.   
C 
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7.2.2. Sedimentology and Biostratigraphy 
To minimise disturbance, subsamples for grain-size analysis and biostratigraphy were 
taken before the entire GC030 sample was dried and extracted from the core cutter. The 
sample measured approximately 15 cm in length. 
Dried and solidified material recovered by the core cutter was removed by applying 
gradual and even pressure to the end of the core (Figure 7.10A). Once the material was 
extracted, with the core catcher attached (Figure 7.10B), sediments trapped within the 
core catcher was removed by the same method (Figure 7.10C). It can be seen in Figure 
7.10D that even after drying, the sample presents mottling and xenolithic material.   
Two lithological units (excluding modern hemipelagic material) have been identified in 
GC030 (Figure 7.11). They were separately subsampled and processed for grain-size 
analysis (Section 3.2.3) and foraminiferal biostratigraphy (Section 3.4.1):  
 Lithology A: this was taken from the top of the cutter, i.e. the material that is 
deepest within the sampled block. The material is dark greenish grey in colour 
(Figure 7.12A), and 
 Lithology B: this material lies further within the core cutter, therefore is closer to 
the surface of the sampled block. It appears to contain a larger proportion of 
siliciclastic contents, and is more brownish in colour (Figure 7.12B) 
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Figure 7.10. Sequence of photographs depicting how the core material can be extracted from the core cutter: (A) The core contents, including the core catcher, is pushed out from 
the core cutter by applying steady pressure onto a brass plate; (B) The core catcher is removed from the rest of the core sediment; (C) Material within the core catcher is pushed 
out by applying steady pressure to a brass cylinder (with height greater than the length of the core catcher; (D) The core contents, now removed from the core cutter and core 
catcher, are curated. (Continued next page)  
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Figure 7.10. (cont.) Sequence of photographs depicting how the core material can be extracted from the core cutter: (A) The core contents, including the core catcher, is pushed 
out from the core cutter by applying steady pressure onto a brass plate; (B) The core catcher is removed from the rest of the core sediment; (C) Material within the core catcher is 
pushed out by applying steady pressure to a brass cylinder (with height greater than the length of the core catcher; (D) The core contents, now removed from the core cutter and 
core catcher, are curated. (Continued from previous page) 
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Figure 7.11. Schematic diagram of (A) the core cutter/catcher and (B) GC030 with relative positions of various lithologies. The lithology of the interior of the sample is uncertain, 
but is assumed have properties similar to Lithology B. 
A                                        B 
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Figure 7.12. Microscopic views of (A) Lithology A and (B) Lithology B, showing a mix of carbonate (in the form 
of more rounded foraminiferal fossils) and siliciclastic (mainly quartzose and feldspathic) contents. 
 
.  
Figure 7.13. Grainsize distribution plot (log scale) for both lithologies in core GC030. 
Both lithologies appear to be partially-consolidated, clay-bearing sandy-silt. There is also 
what appears to be hemipelagic drape, which had the same lithology as the surficial 
material blanketing the rest of the EACM, suggesting that this debris block has 
undergone negligible amount of burial.  
A B 
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Table 7.3 summarises the biostratigraphic results.  
Table 7.3. Biostratigraphic ages of the samples recovered from Clarence Canyon. 
Lithology Biochron 
Geochronometric 
Age (Ma) 
Sequence  
(Epoch) 
A 
PL1–PL3/PL2 
3.85–4.33 
Pliocene 
B 3.85–5.33 
 
Both lithologies reported foraminiferal assemblages of Pliocene age, specifically 3.85-4.33 
Ma for lithology A, while Lithology B is possibly older, with the stratigraphic age of 3.85–
5.33 Ma. This dates the debris block to have a maximum age of 3.85 Ma, and implies that 
the failure event/s that deposited these debris blocks took place no earlier than 3.85 Ma 
(Late Pliocene).  
 
 
7.3. Discussion and Interpretation 
7.3.1. Origin of Debris Blocks 
The lithological characteristics of GC030 are generally similar to those of other EACM 
dredge samples: siliciclastic-carbonate (Figure 7.12) silty-sands (Figure 7.13). Based on 
this and their position immediately downslope of the dissected continental slope, it is 
reasonable to assume that the debris blocks are sourced from the local slopes.  
Figure 7.8 presents a number of possible origins of the blocks within Clarence Canyon. 
The positions of sampled debris blocks have produced a line-of-best-fit that, when 
projected shoreward, suggests the northern lobe to be their most probable point of origin 
(Figure 7.8, red labels). Other less likely, but still plausible mechanisms are also illustrated 
in the figure: the blocks could have been shed from the middle slope section of the 
canyon wall (blue labels), or from their lower slope sections, directly adjacent to the 
debris field (green labels). 
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7.3.2. Canyon Incision 
There is no direct indication for the timing of canyon incision in the Clarence Canyon 
area. However, after the three previous case studies, there are informed extrapolations 
that can be made.  
Clarence Canyon shares a number of general morphological characteristics with Tweed 
Canyon (Chapter 6): both appear to be disconnected from onshore river systems, and 
both have heads that incise into the continental shelf. These, along with their spatial 
approximation, make the two localities comparable.   
Figure 7.14 shows the heads of Tweed and Clarence Canyons in two views, with 
matching orientations and scales). Both sites present dendritic drainage patterns (Figure 
7.14, indicated by black dotted lines) incised into the upper slope and adjacent 
continental shelf, which, as previously discussed for the Wide Bay Canyon (Section 
4.4.1.4), is most commonly interpreted as a result of top-down erosion by 
terrestrial/shelfal sands (Harris et al. 2004). Tweed Canyon’s incision at the head appears 
to be more extensive than that of Clarence Canyon – wider, with more linear channels 
incised into it, but they occur at approximately the same depth (just above 500 m water 
depth) (Figure 7.14, indicated by white bold lines). Both canyons present linear features 
suggesting retrogressive weakening of material immediately upslope (Figure 7.14, 
indicated by blue dotted lines) and deeper-seated failure scarps on their middle slopes 
(Figure 7.14, indicated by yellow dotted lines).  
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Figure 7.14. Comparison of canyon head morphology between Tweed (left) and Clarence (right) Canyons, in (A) 
plan and (B) oblique views. Major comparable morphological features are indicated: main canyon heads (white bold 
lines), dendritic linear rills therein (black dotted lines), upper slope creep lines/pockmarks (blue dotted lines), and 
middle slope failure scarps (yellow dotted lines). Note that the image pairs are in the same scales.  
 
  
A 
B 
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Additionally, while CCDF is the only area investigated by this thesis that presents an 
extensive debris field, Byron Canyon also presents several intact blocks on the lower 
slope portion of its channel (Figure 7.15). 
 Based on these comparisons, it is reasonable to make the following inferences:  
1. Clarence Canyon might have initially developed in a similar manner to Tweed 
Canyon, specifically in the development of the canyon head, and 
2. Clarence Canyon has probably experienced similar failure processes as Byron 
Canyon 
If these inferences are accurate, then it 
follows that the initiation of significant 
incision for Clarence Canyon is most 
likely close to that of Tweed Canyon – 
during or soon after the Late Miocene 
i.e. likely during the Pliocene (Section 
7.3.1). ABW-induced toe erosion has 
probably contributed to the bottom-up 
development of Clarence Canyon, while 
both the EAC and down-slope-moving 
terrigenous sands have contributed to 
the dissection of the canyon head in the 
upper slope, forming the dendritic 
canyon head morphology, and 
subsequent top-down erosion that 
generated the CCDF. However, these 
factors alone are likely insufficient in 
triggering the slope failures.  
Figure 7.15. Byron Canyon, with debris blocks and local 
slump masses indicated by red dotted lines. Other features 
are: upper slope headwall scarps (green dashed lines), 
canyon headscarp (black bold lines), middle slope slumps 
(yellow dotted lines), canyon wall crests (white dashed lines), 
and perimeter of canyon floor (pink dashed lines). 
 
Yu (2017)  Clarence Canyon Debris Field 
301  
 
7.3.3. Timing of Debris Avalanche 
The sample recovered from this study area was taken from one of the most prominent 
debris blocks on the CCDF, and reports two lithologies with biostratigraphic ages that 
date the debris block to the Late Pliocene at the oldest. It is highly probable that the 
failure event that deposited this block onto the canyon floor occurred during the 
Pleistocene, which is relatively youthful, but consistent with a relatively recent onset of 
margin deconstruction, as posited by Hubble et al. (2012, 2016).  
The debris block was only sampled to a depth of 15 cm from its surface, which was a 
small fraction into its approximately 25 m height (Section 7.2.2) – it is possible that this is 
younger material that the boulder had accreted as it was transported downslope.  
With this information, there are two possibilities regarding the timing of the debris 
avalanche that formed the CCDF: (1) it took place recently, such that there was 
insufficient time for significant hemipelagic deposition and burial of the debris to take 
place; alternatively (2) the avalanche took place earlier – relatively soon after the slope 
sediment was deposited and consolidated during the Late Pliocene, and further 
sedimentation was minimised by erosive ocean currents. 
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7.4. Conclusions 
Clarence Canyon is extensively eroded, and preserves remnants of intact failure on its 
floor – an unusual occurrence along the East Australian Continental Margin, which has 
probably undergone disintegrative failure in most cases. While Byron Canyon also 
presents failed material on its floor, those on the Clarence Canyon Debris Field can be 
mapped, and its site of origin has been projected to be one of its two main tributaries. 
Biostratigraphy of a debris blocks has dated the debris avalanche that produced the 
debris field to have occurred in the Pliocene or later. The thin layer of hemipelagic drape 
on the surface of the block suggests that bottom current activity has minimised 
deposition on the canyon floor since then; this is consistent with findings along the rest 
of the margin, where Pliocene-or-older sediments exposed on failure surfaces have largely 
remained free of more recent sedimentation.   
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Chapter 8 
Discussion and Synthesis of Findings 
This thesis has presented a geological and geomechanical investigation of the East 
Australian Continental Margin (EACM), focused on the distribution of large-scale mass 
failures of the continental slope and the development of its canyons. It has utilised high-
resolution multibeam data and dredge samples collected in 2008 by Boyd et al. (2009) and 
2013 by Hubble (2013) from the continental slope offshore southern Queensland and 
northern New South Wales. Sedimentology, mechanical properties, and biostratigraphic 
ages of the dredge samples have been determined and the morphological features evident 
in the multibeam bathymetry have been described in detail. This information has been 
used to characterise the EACM study area by considering the following three questions:  
1. When did the dissection and deconstruction of the EACM slope sediments 
commence?  
2. What event or changing conditions drove these morphological processes?  
3. What is the role of deep water currents in sculpting and destabilising the slopes?  
These questions are central to testing the validity of the East Australian Margin Evolution 
Model (Yu 2010, Hubble et al. 2012), which posits that toe erosion by a northward-
flowing bottom current generated by down-welling in Antarctica has scoured the lower 
slope with progressively increasing intensity since the Late Miocene and Pliocene 
expansion of the Antarctic icesheet, and that this process predisposed the slopes to 
failures triggered by increasing seismic activity arising from Australia’s convergent 
tectonic interaction with the Asian landmass during the Miocene (discussed in detail in 
Section 2.3.2).  
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Figure 8.1. Regional geography (terrestrial and submarine) of the section of the EACM investigated in this thesis. 
(Aerial photo: Google Earth 2017) 
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8.1. Sediment Composition, Characteristics, and 
Behaviour 
This thesis presents a rigorous characterisation of the sediment properties of 
representative samples of the EACM. Dredge samples have been recovered from slides, 
slumps, canyons, and gullies. While this method of sampling has the inherent weakness 
of reduced confidence of exact sample location, and tends to disturb the fabric of the 
materials, the range of material sample types recovered was surprisingly small and the 
materials were relatively uniform in composition. Investigations undertaken using the 
dredge samples included:  
1. lithological and sedimentological analysis 
2. geotechnical testing  
3. biostratigraphic dating, and 
4. slope stability modelling 
Sample quantity and quality limited the number of some tests – particularly shear strength 
tests – that could be performed. Issues with sample representability – arising from sample 
disturbance and the small sample sizes for certain tests (e.g. grain-size analysis, 
biostratigraphic dating, and x-ray diffraction) – were addressed where possible through 
repetition of experiments.   
 
8.1.1. Lithology and Sedimentology 
The dredge samples can be broadly classified into two groups based on gross lithology: 
(1) consolidated silts/sands and (2) recent hemipelagic mud. While previous studies (e.g. 
Chaproniere et al. 1990, Jenkins & Keene 1992, Dickinson et al. 2002, Boyd et al. 2004, 
Keene et al. 2008, Boyd et al. 2010, Huang et al. 2014) reported hard crystalline rocks 
making up the basement of the slope and suggested their role in the margin’s basic 
geometry, and while one dredge undertaken in the area recovered very small amounts of 
suspected Tertiary or Mesozoic basalts, conglomerates and torbernite, most of the 
material recovered on both the 2008 and 2013 voyages was compacted Neogene 
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mudstone or mud. This consistency of lithotype suggests that the upper layers of the 
margin are primarily composed of consolidated, stiff and compacted hemipelagic muds 
or unconsolidated muddy. Results from grain-size and mineralogical analyses are 
consistent with an interpretation of the EACM being constructed mainly from mixed 
siliciclastic/carbonate sandy-silts/silty-sands, with significant input of hemipelagic 
material in the form of foraminiferal skeletons.  
Another striking characteristic of the EACM’s sediment cover is the regional consistency 
of its sedimentary and geomechanical properties. Most of the samples recovered from the 
EACM are lithologically and mechanically similar, with only minor local variations. This 
uniformity is observed laterally along the margin and with depth in the stratigraphic 
section, with younger upper slope sediments being compositionally and texturally similar 
to older materials recovered from sites lower in the sediment column. This suggests long-
term consistency of sediment sources and depositional processes.  
 
8.1.2. Biostratigraphy  
Biostratigraphic analysis of the samples in their geostratigraphic context demonstrates 
that the EACM’s morphology is more youthful than previously suggested, as its present 
morphological character can be no older than Pliocene in age. The thin, mobile 
hemipelagic drape overlaying the more consolidated and significantly older sediment 
suggests an ongoing erosive regime followed a relatively short period of widespread 
failures that exposed pre-Pleistocene sediments, although incisions may have commenced 
earlier.  
A particularly notable characteristic of several sediment samples is the presence of two 
fossil assemblages of significantly different age in a single, homogeneous lithology. After 
eliminating the possibility of contamination through re-sampling, I am confident that this 
pattern is a real one, generated by in-situ processes. The pattern is present in multiple 
EACM samples (DR1, DR9, DR17B from SS2008-V12; DR011, DR014, DR015 from 
SS2013-V01). Some process, or set of processes, has mixed older sediment with younger 
sediment. It is suggested that the older sediment has been mobilised and mixed by 
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turbidity currents with material containing younger sediments. This mixed material is 
then redeposited as a uniform lithology. This is in preference to other mechanisms 
considered, such as burrowing or contamination.  
 
8.1.3. Geomechanical Properties  
Mechanically, the tested samples have generally uniform properties, with the differences 
in shear strength mainly attributed to different burial depths. Oedometer tests have 
determined that many of the samples recovered from failure scarps have previously been 
buried. Of these, a number of samples (DR008, DR010, DR011, and DR014, from 
SS2013-V01) exhibit consolidation behaviour consistent with the presence of weak 
cementation. Experiments have found that the foraminifera tested were largely resistant 
to stresses as high as 1 MPa, and the hypothesis is that their fracture and collapse is a 
contributing factor to the failure of local slopes.  
 
 
  
Yu (2018)  Discussion and Synthesis of Findings 
308 
8.2. The Margin’s Morphology and its Development  
The EACM has been described by Boyd et al. (2010, p. 492) as ‘narrow, deep and 
sediment-deficient’ compared with other continental margins. Bathymetric data indicate 
ubiquitous mass transport features along the margin, including slides, slumps, and 
canyons, despite its tectonically-passive character. 
The four case study areas selected were each centred upon a canyon system (two in the 
case of the Tweed-Byron Canyons) (Chapter 6). The margin presents an evolutionary 
trend in its morphology: the slopes in the south of the study area are more deeply-incised 
and laterally-dissected, and the canyons are wider, longer, and exhibit more complex 
tributary systems.  
The following set of common characteristics across the case studies suggests regional-
scale processes are responsible for sculpting the EACM and generating its canyons and 
erosional features.  
1. All the canyons are currently disconnected from riverine systems onshore, yet 
several (Wide Bay Canyon, Tweed Canyon, Clarence Canyon) exhibit dendritic 
morphology at their heads, suggesting that top-down incision is currently active, 
with sand-laden flows being driven into the canyon heads by the southerly-flowing 
East Australian Current (EAC) (Harris & Whiteway 2011). 
2. Many large failures are evident in the middle slope region (e.g. Wide Bay Slide, 
Inskip Slide, Maroochydore Slopes). 
3. Toe erosion and deep canyon incision have occurred in all four case study areas.  
A thin drape of hemipelagic sediments deposited over the consolidated slope sediments 
along the margin also suggests ongoing deposition of sedimentary material.  
At the local scale, variations and contrasts between different sections of the margin are 
apparent. The continental shelf is generally wider and the depositional sequence thought 
to be progressively thicker towards the north of the study area (Davies et al. 1989, 
Marshall et al. 1998). The specific characteristics of the four case studies are described 
below, proceeding from north to south.  
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8.2.1. Wide Bay Canyon and Inskip Slide 
Wide Bay Canyon System (WBCS) is a discrete canyon system with extensive slope 
failures both within the canyon (Wide Bay Slide) and on the adjacent intercanyon slope 
(Inskip Slide). Eight sediment dredges recovered from this area provide a comprehensive 
suite of biostratigraphic ages for various morphological features, which demonstrate that 
(1) the material is Middle to Late Miocene in age, and (2) substantial removal of material 
by way of slope failure for both Wide Bay Slide and Inskip Slide has occurred 
subsequently, during the Pliocene and Pleistocene.  
Modelling of the Inskip Slide as a whole-of-slope failure has determined that ground 
accelerations of no less than 0.3–0.4 g are necessary for its failure, even with extensive toe 
erosion, meaning that such a failure is unlikely to have taken place under static 
conditions, and an external trigger such as a substantial earthquake is required for it to 
occur.  
 
8.2.2. Barwon Canyon and the Maroochydore Slopes 
To the south of the WBCS, Barwon Canyon and its adjacent slopes (collectively the 
Maroochydore Slopes) comprise a blind canyon system, and three adjacent wide whole-
of-slope failures with connected headscarps to the north of the canyon, and three failures 
with smaller, parabolic-shaped headscarps to the south. Three dredges were recovered 
from this area, one from each of the parabolic headscarps. These dredge samples have 
been dated from Early Oligocene to Early Pliocene in age, with DR3 being the oldest. 
Bathymetry shows that the Slump DR3 headscarp is superimposed upon that of Slump 
DR1, implying that the failure event associated with Slump DR3 post-dates that of Slump 
DR1. The failure event, or series of events, that generated the three slumps probably 
took place in the Middle Pliocene at the earliest.  
Based on morphology and local bathymetry, Barwon Canyon has been interpreted as 
having been incised from the bottom-up, with bottom currents as the primary driver for 
canyon incision. Modelling of the three whole-of-slope failures on the slope to the 
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canyon’s north have determined that the inherently stable slopes that would require 
ground accelerations of 0.3–0.4 g to trigger failure.  
The first two case studies on Wide Bay Canyon System and the Maroochydore Slopes 
(Chapters 4 and 5) have allowed for a number of amendments to be applied to the 
model:  
1. Downslope sedimentary processes e.g. sandy turbidity currents played a large part 
in the dissection of the EACM, particularly for shelf-incising canyons (e.g. Wide 
Bay Canyon). 
2. The slopes of the EACM are most likely inherently stable, to the point where an 
absurd amount of the toe of slope would have to be removed to induce failure 
without a stronger trigger. This amount of toe-removal is inconsistent with the 
current morphology. 
3. Nevertheless, bottom currents have probably been a key driver in the formation 
of present morphology along the EACM, especially in the development of blind 
canyons (e.g. Barwon Canyon). 
4. Slope failures such as those presented on the EACM have likely occurred earlier 
than the model initially suggests, with biostratigraphic data dating the events as 
Pliocene or even Pleistocene age. 
5. In the absence of a regional stratum of weakness (e.g. gas hydrates, organic-rich 
layers, liquefaction-prone lithologies), the most likely primary trigger for the 
failures is earthquake shaking. 
 
  
Yu (2018)  Discussion and Synthesis of Findings 
311 
8.2.3. Tweed Canyon and Byron Canyon  
To the south of the Nerang Plateau, Tweed Canyon comprises an almost straight 
thalweg surrounded by extensively-dissected wall morphology. Biostratigraphy from two 
dredges recovered from similar depths on both canyon walls provided ages of Middle 
Miocene to Early Pliocene, constraining the onset of canyon incision to the Late Miocene 
at the earliest, but more likely the Middle Pliocene.  
Immediately to the south is the Byron Canyon, which contains a large rotational slump 
at its head (Byron Slide). Cross-cutting of smaller failures within this larg slump scar 
suggests bottom-up erosion and retrogressive failure. Two intracanyon dredges were 
recovered from this site, from the upper/middle slope slump scar (DR021) and the lower 
slope canyon floor (DR16). These yield biostratigraphic ages of Early Miocene, 
constraining the age of their associated failure events to the Middle Miocene at the 
earliest and more likely the Pliocene, given that the samples were dredged from 
previously deeply-buried sequences.  
Slope stability modelling of the Byron Slide at the upper section of Byron Canyon 
indicates that while progressive erosion of the foot of slope can possibly explain the 
failure, an earthquake with 0.3 g acceleration would still be required to trigger the slide.  
A model local for the Tweed and Byron Canyon Systems has been presented, describing 
the morphological history of the EACM, involving Early Oligocene tectonics, Middle 
Miocene glaciations, global rearrangement of oceanic currents, base-of-slope contour 
current development, and subsequent slope erosion and destabilisation. The mechanism 
of earthquake loading was also invoked, with a shift in the seismic climate of the 
Australian Plate since the Early Miocene, when earthquakes of substantially damaging 
magnitudes (i.e. M7 or above) are suggested to occur once every 1–2 million years (Clark 
2010).  
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8.2.4. Clarence Canyon  
The last case study presents the characteristics of the Clarence Canyon and the debris 
field on its floor. This canyon appears to be the most eroded among the case studies, 
comprising two lobes at its head, each with its own tributary systems, linked by the 
collapse of the continental slope in between, a segment of which is still intact at the 
canyon head. The canyon has a distinctly box-shaped morphology, and many large debris 
blocks are strewn over its floor. One of these blocks was sampled and found to contain a 
Late Pliocene assemblage, dating the timing of the debris avalanche that caused the 
dislocation of the block from the canyon head and its deposition on the canyon floor to 
no earlier than the Late Pliocene, and more likely the Early Pleistocene.  
A number of buried reef complexes of inferred Miocene age are located at the shelf edge 
offshore from the north of Fraser Island to the Yamba area (Marshall et al. 1998, Boyd et 
al. 2010, DiCaprio et al. 2010, Hubble 2013, Fletcher 2015), and these probably act as a 
barrier to shoreward slope incision. This effect is most prominent at the heads of Tweed 
and Clarence Canyons.  
The ages of the sediment samples and the interpreted maximum ages of their associated 
failure events are summarised in Table 8.1.   
Table 8.1. Biostratigraphic ages reported for various EACM canyon and failure features, and their implication for 
the timing of their associated events.  
Case study 
chapter 
Locality Type of event 
Age of dredge 
material 
Maximum age 
of event 
5 Wide Bay Slide Slope failure 
Middle Miocene 
to Late Miocene 
Early Pliocene 
5 Inskip Slide Slope failure 
Middle Miocene 
to Pliocene 
Pliocene 
6 
Barwon Canyon 
southern wall 
Slope failure 
Early Oligocene 
to Early Pliocene 
Early Pliocene 
7 Tweed Canyon 
Canyon 
incision 
Middle Miocene 
to Early Pliocene 
Early Pliocene 
7 Byron Slide Slope failure 
Early Miocene to 
Middle Miocene 
Late Miocene 
8 Clarence Canyon Slope failure Late Pliocene Early Pleistocene 
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8.2.5. Similar Global Systems  
The Irish Sea and the Northwest African Continental Margin (NWACM) are both 
tectonically-passive, open continental slopes with abundant failure features and canyons, 
making them comparable systems with the EACM.  
 
Figure 8.2. Location of the Irish Sea Basin, with local places and features as indicated (modified from Eyles & 
McCabe 1989).  
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The Irish Sea (Figure 8.2), located between the North Channel (separating Northern 
Ireland and southwest Scotland) and the Celtic Sea, has an area of approximately 4000 
km2 (Eyles & McCabe 1989). The basin contains Quaternary sediments, including a thick, 
complex Pleistocene sequence in its central portion, formed over multiple episodes of 
cutting and filling during glaciation periods (Eyles & McCabe 1989).  
Bottom current activity has been documented for the margin, particularly in the form of 
the Feni Drift, which was initiated in the Late Miocene/Early Pliocene (Stoker et al. 
2001). Like the EACM, sedimentation rates are relatively low – records from various sites 
have reported rates of 0.2–3.0 mm/year (Kershaw et al. 1988). While these are several 
magnitudes higher than sedimentation rates reported for northern EACM (0.011–0.057 
mm/year, Fletcher 2015), they are still considered to be low globally. 
 
Figure 8.3. Location map showing the northwest African margin. Study area of Kraestel et al. (2006) is indicated in 
inset. Bathymetric contours are at 0.5 km intervals. Blue dashed line shows shelf break (100 m water depth).  
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The NWACM (Figure 8.3) is similar to the EACM in morphology and general 
sedimentology, consisting of a shallow continental slope (1–3° inclination), exposed to 
hemipelagic input of silts with clay minerals, with minor fluvial input (Krastel et al. 2006). 
It is recognised globally as one of the best examples of tectonically-passive margins 
presenting large mass failures, with features generated by turbidity currents, landslides, 
and bottom currents having all been reported (Krastel et al. 2006). Further south along 
the West African margin, the continental slopes have been shaped by a combination of 
downslope turbidity currents and alongslope contour currents (Séranne & Abeigne 1999). 
For the Irish Sea, the canyon systems are thought to have been initiated by tectonic tilting 
during the Middle Cenozoic (suggested to be the Late Eocene), shaped during the Late 
Miocene, and then reactivated in the Plio-Pleistocene during sea-level lowstands/glacial 
maxima (Elliott et al. 2006). During these episodes, a marine icesheet was responsible for 
delivering large amounts of sediment to the continental slope, forming canyon systems 
with well-developed, sometimes shelf-incising heads, while others were initiated in the 
middle slope (Sacchetti et al. 2011). Both types of canyons are thought to have developed 
in a bottom-up fashion by retrogression (Elliott et al. 2006) during the Miocene as 
sediments were funnelled into the channels (Sacchetti et al. 2011), with deep, slope-
contoured currents playing a significant part in the process. Meanwhile, alongslope 
currents were responsible for the winnowing of depositional fans and 
removal/remobilisation of fine material at the mouth of canyons during the Late 
Pleistocene. In general, the timing and position of canyon incision are primarily 
determined by the properties of icesheets, and the processes described above are believed 
to have occurred multiple times during the Late Pleistocene (Sacchetti et al. 2011).  
The NWACM also comprises shelf-incising canyons and gullies with dendritic heads, 
which probably developed during sea-level lowstands in the Plio-Pleistocene, when shelf-
breaching rivers delivered sands to the continental slope. The positions of these canyons, 
however, are believed to be determined by pre-existing seafloor features and tectonic 
weak zones (Krastel et al. 2006). It has been suggested the initiation of deep canyons 
took place in the Oligocene, during an episode of intense erosion of the shelf edge 
(Séranne & Abeigne 1999).  
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Slope failure in the Irish Sea is of the form of mass failure evolving into coarse-grained 
debris flow and more poorly-sorted turbidity currents. The deposits of these failures in 
the Irish Sea basin resemble facies typical of glacier-fed fjord deltas that have experienced 
landslides (Eyles & McCabe 1989). Sacchetti et al. (2011) suggested that the northeastern 
section probably still experiences catastrophic failures periodically, with more 
disintegrative flows occurring in the upper sections of canyons and muddy debris flows 
in the downslope section. These failures have been mostly attributed to icesheet 
development and associated sea-level lowstands (Sacchetti et al. (2011).  
In contrast, along the NWACM large slide complexes such as the Mauritania Slide 
Complex (affecting 30,000 km2 of seafloor and approximately 600 km3 of sediment) and 
the Cap Blanc slide (over 40,000 km2 of seafloor affected, with a lateral extent of 
approximately 175 km) are present on the open continental slope and are representative 
of the general failure features along the margin (Krastel et al. 2006). In direct contrast to 
the observations in the Irish Sea, blocky failures are associated with the upper slope, 
particularly in the area directly below headwalls, while smoother-topped debris flow 
deposits are present in the middle zone of the failures. These large failures also include 
stepped headwalls, suggesting retrogressive failure in multiple stages, and do not appear 
to be linked to seafloor features, such as faults.  
The initiation of canyon incision by sedimentary processes appears to be common across 
all three examples. It is post-Miocene for the EACM, Late Miocene for the Irish Sea 
(after Late Eocene tectonic initiation), and Oligocene for the NWACM. For the Irish Sea, 
onset of glaciation of the northern hemisphere was subsequent to the glaciation of the 
southern hemisphere, and this explains the differences in timing of canyon regeneration 
in the Irish Sea, which is directly related to glaciation and icesheet growth. It should also 
be noted that during past glacial periods, such as the Middle Miocene Disruption (MMD) 
(Section 2.3.2.1), sea level was much lower than they are at present, and rivers could 
deliver sediments directly to the shelf break, with the associated shelfal morphological 
features being buried by subsequent sedimentation. This may explain the observation that 
several of the canyons along the EACM are adjacent to river outlets (e.g. Noosa Canyon 
Complex and Noosa River (Fletcher 2015), Tweed Canyon and Tweed River, Clarence 
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Canyon with Evans River), but with no obvious connections currently visible on the 
shelf.  
The reactivation of canyons by way of erosion as a consequence of sea-level lowstands is 
suggested for both the Irish Sea and the NWACM examples, and has been dated at Late 
Pleistocene and at the Plio-Pleistocene boundary respectively. Significant canyon 
development along the EACM has been dated as post-Miocene (Section 6.3.1) and is 
suggested to have continued into the Pleistocene (Section 4.5). This is again consistent 
with findings reported from the two global cases, and with the assertion that ongoing 
canyon incision along the EACM is probably being driven indirectly by glaciations and 
sea level changes.  
 
8.3. Slope Stability and Landslide Triggers  
Of all the global settings in which submarine mass transport processes take place on 
continental margins, open continental slopes that are distal from active tectonic 
boundaries present the most challenges in understanding their triggering mechanisms, 
mainly because they are assumed to be relatively simple, low-energy systems that are 
insulated from significant catastrophic failure triggers. The EACM, in particular, lacks the 
conditions of (1) connection to high-volume rivers (e.g. Brunei Slide), (2) high 
sedimentation rates, (3) fine-grained and waterlogged sediments (e.g. Storegga Slides) and 
(4) the presence of gas hydrates (e.g. Grand Banks Slides). The study presented here 
documents the extensively incised and dissected morphology of the EACM, suggests 
mechanisms involved in such a setting, as well as assessing the significance of such forces 
to determine the most likely series of events experienced by the margin in its 
morphological history.  
The slope stability models presented in Chapters 4 to 7 suggest that the slopes of the 
EACM are inherently stable. The apparent absence of other sedimentological 
conditioning factors (e.g. high sedimentation rates, strongly stratified sequences, presence 
of gas hydrates or organic matter, local upwelling, and mobilisation of salt diapirs) implies 
that an external and regional failure trigger, such as earthquakes, is required (Hubble et al. 
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2012, Clarke et al. 2014). Pseudo-static analyses conducted on five failures profiles along 
the EACM (Inskip Slope, Central Maroochydore Slope, South Maroochydore Slope, 
Slump DR1/3, and Byron Slide) have concluded that a ground acceleration of no less 
than 0.3–0.4 g is required to trigger failure.  
The model for the morphological development of the EACM includes three main factors 
that can destabilise the continental slope: (1) top-down incision of canyon heads by 
shallow/shelfal currents, (2) bottom-up erosion of blind canyons by deep bottom 
currents, and (3) earthquake loading. Several of the case studies have compared the 
relative significance of these three factors using slope stability modelling and conclude 
that while the first two factors may destabilise the slopes, failure is unlikely to occur 
without a significant earthquake or another external trigger of similar scale. Global case 
studies of the Irish Sea and the NWACM will again be used to examine the current 
understanding and local significance of these factors.  
 
8.3.1. Implications for Toe Erosion Hypothesis  
The most likely mechanism that predisposes these continental slopes to failure was 
suggested by previous studies to be toe erosion (Yu 2010), as oceanographic data suggest 
that deep currents close to the toes of the slopes are of sufficient speed to remobilise 
slope sediments. This process leads to a local steepening of the substrate to the point 
where it exceeds the angle of repose.  
The effect of toe-cutting on slope stability was investigated at two sites: the Inskip Slide 
(Chapter 4) and Byron Canyon (Chapter 6). For both examples, the toes of the slopes 
were recessed by as much as approximately 30–40%, however, the slopes remain stable 
despite these extreme extents of toe-cutting, with the models yielding FoS values of 3.174 
(Inskip Slope) and 3.998 (Byron Canyon) under static conditions. These values indicate 
that the slope still remains stable under such conditions. Additionally, the bathymetry of 
slopes immediately adjacent to the sites of failure indicates that toe erosion has not 
developed to the extent that would be required by the model.   
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From these observations and results, it is concluded that toe erosion is probably not as 
significant a destabilising factor as the EAMEM model has previously suggested. 
However, this thesis does not discount the role of deep ocean currents in the wider 
morphological development of the margin. The youngest consolidated surficial material is 
of Late-Pliocene age, possibly marking the point where deep, slope-contoured currents 
intensified, to the point where they were able to actively erode and transport the 
unconsolidated material on the slopes. This intensification was most likely initiated by the 
start of the Plio-Pleistocene ice age (2.58 Ma).  
Fletcher (2015) investigated a possible role for base-of-slope contour currents on the 
development of the continental slopes offshore from Fraser Island. She described a moat 
at the foot of this margin section and linear erosional rills and gullies at the foot of the 
slope of the Wide Bay Plateau (the intercanyon segment between the Fraser Slopes to the 
north and Wide Bay Canyon (WBC) to the south) and suggested that the base-of-slope 
contour currents were active in the initiation and erosion of these features.  
The effects of base-of-slope contour currents in the Irish Sea exhibit local variation, but 
in general are believed to be strongest during interglacial and interstadial periods 
(Sacchetti et al. 2011). The impact of bottom currents on the morphology of the 
NWACM was more thoroughly investigated by Callaway et al. (2011), with many of the 
‘stable’ seafloor features suspected to be undergoing continual reworking (Johnson 1983), 
partially by relatively strong bottom currents that prevent sedimentation of fine material). 
Erosional moats have also been observed further south along the NWACM, offshore 
Gabon, and have been interpreted as channels carved and maintained by base-of-slope 
contour currents deflected to hug the shelf by the Coriolis Force (Séranne & Abeigne 
1999). The source of this bottom current is the Antarctic Intermediate Water, which has 
been active since the Early Miocene at the latest (probably the Oligocene) and 
throughout the Neogene (Séranne & Abeigne 1999). Similar drifts offshore from New 
Zealand have dated the onset of the Antarctic Circumpolar Current (ACC) to the Middle 
Oligocene (Fulthorpe et al. 1996).  
Similar alongslope erosional features are also observed in some parts of the study areas 
for this thesis, most prominently at the mouth of WBC, and offshore Fraser Island as 
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described by Fletcher (2015). Such features are an indicator for the existence of bottom 
currents along the EACM.  
The model proposed by this thesis also suggests a relationship between the thin recent 
sedimentation and low sedimentation rates of the margin and alongslope current activity, 
where the currents are continually eroding the slopes and/or preventing sediment 
settlement. This mechanism has also been proposed for the oceanography of the Irish 
Sea (Johnson 1983, Callaway et al 2011). My model considers the strengthening of ocean 
currents by the Coriolis Force, which deflects flow east in the Northern Hemisphere and 
west in the Southern Hemisphere. This mechanism is also applicable to the NWACM, 
with initiation dated to before the Early Miocene (Séranne & Abeigne 1999), as a direct 
consequence of the establishment of the ACC in the Middle Oligocene (Fulthorpe et al. 
1996). These inferences suggest that bottom currents probably began actively scouring 
the foot of slopes of the EACM in the Late Oligocene or Early Miocene, even if the 
slope failures did not occur until much later.  
In summary, while base-of-slope contour currents have almost certainly been a major 
factor of bottom-up incision, deep erosion, and lack of sedimentation along the EACM 
since the Miocene, they are unlikely to be strong enough to be solely responsible for and 
directly induce slope failures of the scale of those investigated in the case studies in this 
thesis.  
 
8.3.2. Necessity for an Earthquake Failure Trigger  
With toe erosion assessed as not being the primary destabilising factor for the EACM, 
this thesis investigated the possibility of earthquake loading being the trigger for the 
widespread failure along the EACM. Pseudo-static slope stability modelling suggests that, 
on average, a minimum horizontal ground acceleration of 0.3 g is required for any of the 
modelled slopes to generate failures that produce results similar to present margin 
morphology. Earthquakes of such magnitudes are extremely rare on Australian 
continental margins. Fletcher (2015) adopted an earthquake model for the study offshore 
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Fraser Island and the northern EACM, with results that also require earthquakes or 
similar catastrophic phenomena to induce slope failure.  
In other cases, earthquakes are not considered to be necessary for triggering failure on 
passive margins. There has been no documentation of earthquake-triggered slope failure 
in the Irish Sea. On the NWACM, while there is the possibility of local fractures acting as 
focus for tectonic activity, the preservation of thick sediment piles suggests an absence of 
frequent earthquake triggers (Krastel et al. 2006). Instead, the continental slopes 
surrounding the Irish Sea basin are thought to fail due to the effects of glaciation, 
icesheet formation, and associated sea level fluctuations (Eyles & McCabe 1989), whereas 
it is suggested the NWACM’s main failure mechanism is the prolonged accumulation of 
poorly-consolidated, organic-rich sediments at sites of upwelling, which give way to 
excess pore pressure (Krastel et al. 2006).  
However, both the Irish Sea and the NWACM have been exposed to transient conditions 
that lead to the deposition of failure-prone sediments, which are driven by localised and 
relatively short-term factors (icesheet activity and upwelling, respectively) (Eyles & 
McCabe 1989, Krastel et al. 2006). For the Australian continent, large icesheets did not 
develop during the Pleistocene (Potter & Szatmari 2009) and, while upwelling along the 
continental slope has been documented for the southwestern and southern Australian 
margins (related to the Leeuwin Undercurrent and the Flinders Current respectively), 
there have been no conclusive studies that indicate prolonged or significant upwelling 
along the EACM in relation to the EAC (Zhi et al. 2014). Sediment samples collected 
along the margin also contain relatively minor organic content, with organic carbon 
contents of less than 10% of the level reported for upper slope sediments (Clarke 2014) 
further suggesting the absence of upwelling.  
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8.4. A Revised Model for the Evolution of the East 
Australian Continental Margin 
A conceptual model was proposed to describe the regional history and development of 
the EACM in Chapter 2. This model incorporated various factors, including geology, 
climate, tectonics, seismicity, and oceanography. The model drew from existing data and 
conclusions from previous studies (Boyd et al. 2010, Yu 2010, Hubble et al. 2012, Hubble 
et al. 2016). Additional data collected for this thesis and the interpretations presented in 
the above synthesis of Chapters 5 to 8 are consistent with this existing model in a general 
sense, but require its modification by decreasing the influence of toe-scour as a slope 
failure trigger. The sedimentology and geology of the investigated sites confirm the 
characterisation of the slope sediments from previous studies, and provide insights as to 
how slopes composed primarily of non-lithified, uncemented silts and sands could be 
exposed on the surface of the margin and remain largely stable, yet be capable of 
instantaneous, catastrophic failure.  
Figure 8.4 presents a comprehensive reconstruction of the EACM’s evolutionary history 
in diagrammatic form. It accounts for the dynamic interplay between the compositional 
and mechanical properties of the slope material, sedimentary structures of the continental 
slope, and larger-scale oceanographic and tectonic forces acting on the margin. It 
presents an integrative summary of the effects of global and regional events that have 
shaped the evolution of the EACM.  
The revised model incorporates the general characteristics of (1) the timing of the onset 
of vigorous canyon incision in the Late Miocene or Pliocene, driven by the intensifying 
global glaciation, (2) an increasingly vigorous earthquake climate post-10 Ma, due to 
tectonic interaction between Australia and Asia as a slope failure trigger, and (3) a 
reduced role for toe-of-slope erosion as a necessary condition for large-scale slope failure.   
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Figure 8.4. Revised conceptual model for the development of the EACM from the Eocene Epoch to Quaternary Period, with major regional and global events indicated. Darker 
reds indicate increasingly-incised slopes. Grey areas indicate recently-mobilised material e.g. failed sediments. Abyssal plain processes are not presented in this figure. 
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Chapter 9 
Conclusions  
The Australian continent is mostly surrounded by tectonically passive continental 
margins, and the EACM is a relatively sediment-starved, yet heavily-dissected 
morphology that is regionally varied. It is evident that mass transport – most notably 
slope failures and canyon processes – has had a significant impact on the development of 
the margin’s morphology throughout its geological history.  
With such settings, many of the common submarine failure triggers are not applicable to 
the EACM. A preliminary study (Yu 2010) initially proposed that the continental slopes 
underwent a period of frequent and intense slope failures during the Miocene Epoch, 
when ocean current circulations were stronger due to climatic factors. The EACM has 
since been exposed to an erosive oceanographic regime, largely preserving the post-
failure morphology. This thesis also proposed that seismic forcing may be more relevant 
and significant to the development of this margin than previously thought. This 
hypothesis was investigated during the current study by undertaking geomechanical 
testing of sedimentary material and modelling of failure using constraints determined by 
this testing.  
 
9.1. Summary of Case Studies    
The four case studies presented in this thesis aim to characterise the EACM on a regional 
scale as well as describe the local variations along its extent. They were selected for their 
distinctive morphologies, quality and quantity of sediment samples and bathymetric data, 
and substantial sizes. Each case study aims to fulfil some aspect of the two objectives 
outlined in Chapter 1:  
 to investigate morphological changes that have occurred and their associated 
driving mechanisms, and 
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 to relate these mechanisms and factors to larger-scale drivers in global geological 
history 
Existing literature and preliminary studies have given way to the EAME model (Hubble 
et al. 2012, Yu et al. 2013), which incorporates three major factors/mechanisms for mass 
transport along the EACM:  
1. canyon activity 
2. toe erosion, and 
3. earthquake loading 
Each case study has addressed one or more of these, examining their significance in the 
study area, and assessing their relative contributions to the morphological evolution of 
the EACM.  
 
9.1.1. Wide Bay Canyon System 
The first case study focused on the Wide Bay area, which includes a shelf-incising canyon 
that is probably still active, associated intracanyon failures, and a laterally-extensive 
whole-of-slope slide on an adjacent slope. The local morphology allows for the modelling 
of progressive toe-scour by bottom currents, and pseudo-static modelling was used to 
investigate the effects of earthquake loading on slope stability. Biostratigraphic ages 
reported from the suite of dredge samples provided understanding for the youth of this 
system.  
Biostratigraphy dated the two major failures in this area, (1) a slide spanning the lower 
half of the northern canyon wall, and (2) the whole-of-slope slide on an adjacent 
intercanyon slope, and places their age of formation at a maximum of Middle Miocene. 
Toe-cutting models showed that the intercanyon slide is unlikely to have failed under 
static conditions, even with advanced toe erosion. The intracanyon failure, on the other 
hand, is more likely to have been destabilised by the undercutting of the walls by canyon 
activity, which is implied to be currently active.   
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9.1.2. Maroochydore Slopes  
The second case study is located on the continental slopes offshore the coastal city of 
Maroochydore, which comprise a range of smaller, morphologically-distinct features: (1) 
the immature and slope-confined Barwon Canyon, (2) a series of three laterally-extensive 
failures, and (3) three smaller slumps with parabolic headscarps. The morphology of 
Barwon Canyon, along with the biostratigraphy of dredge samples recovered from the 
headscarps of the three smaller slumps, all suggest bottom-up incision. With many slope 
profiles available, toe-cutting and earthquake loading are investigated in this case study.  
The walls of Barwon Canyon present many scarps of shallow-seated intracanyon failures; 
they appear to have developed outward from the canyon channel, suggesting 
retrogressive failure that initiated in the sediment pile most proximal to canyon flow. This 
study area revealed the oldest sediment dated for this thesis, and this constrains the 
inception of the bottom-up canyon formation to the Early Oligocene, but other sediment 
ages (from DR1 and DR2) date the more prominent failures in this area to the post-
Middle/Late Miocene. Toe-cutting models once again show that this mechanism by itself 
is not sufficient to induce failure, and a strong external trigger such as an earthquake is 
believed necessary for initiating the observed slope failures. 
 
9.1.3. Tweed Canyon System and Byron Canyon  
The third case study focuses on the Tweed and Byron Canyons – two shelf-incising 
canyon systems on the southern segment of the part of the EACM studied. A pair of 
ages from either side of the Tweed Canyon channel allows for a precise constraint to be 
applied to the timing of canyon incision in this region, which is suggested to be post-Late 
Miocene – more probably Pliocene, given the burial depth of the samples. This is 
surprisingly recent, considering the relatively dissected and eroded appearance of the part 
of the EACM, south of the Nerang Plateau). Byron Canyon’s distinct morphology, which 
suggests multiple stages of failure, allows for toe-cut failure modelling.  
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Byron and Barwon Canyons, while incising the continental shelf, do not have a dendritic 
morphology at their heads, but both Tweed and Wide Bay Canyons do present such 
feature. This implies that Byron and Barwon Canyons have been incised from the 
bottom-up. The multiple crests apparent within Byron Canyon’s channel indicate 
retrogressive failure. The topmost and evidently most recent failure within Byron Canyon 
is used as a reference for slope stability modelling, as it is found that this failure was 
unlikely to have occurred without a strong external trigger, such as an earthquake. The 
present morphology of the canyon has been dated to be Early Miocene, at the oldest.  
 
9.1.4. Clarence Canyon Debris Field 
The last case study presents the Clarence Canyon, by far the most eroded canyon 
amongst the four case studies, and one of the most dissected along the entire EACM. It 
is also one of the few sites along the margin where failed material has been preserved, as 
a debris field on the canyon floor. A Pliocene age reported from one of the debris blocks 
offers some insight into the timing of the associated failure.  
The head of the canyon is composed of two lobes, both of which have a dendritic 
morphology that implies top-down incision. Positions of debris blocks on the canyon 
floor suggest that they have been mostly displaced from the head of the canyon and 
transported as far as 18 km from its source, during an event/series of events that 
occurred in the Pliocene.  
While this is the only canyon contains a prominent debris field, remnants of intact failure 
have also been found at the foot of Byron Canyon and, possibly, in the Tweed Canyon. It 
is possible that such intact failures are only observed in the southern canyon zone due to 
subsurface geology (e.g.  material that favour brittle rather than elastic deformation), and 
is related to the relatively deep incision depth of the southern canyons. The controlling 
factors behind these observations cannot be concluded definitively at this stage.  
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9.2. List of Conclusions  
This thesis aims to illustrate the complexity of parameters, factors, and forces that 
controlled morphological development of the EACM. This thesis initially proposed a 
morphological evolution model involving the following sequence of events:  
1. Australian continent separates from Antarctica (~140 Ma) 
2. Australian margins subside; ACC initiates (~41 Ma) 
3. Earth descends into icehouse conditions; ABW strengthens gradually from Middle 
Miocene to the Pleistocene 
4. ABW moves into the Tasman Sea as an erosive contour current, which likely took 
place during the Plio-Pleistocene 
5. EACM is increasingly destabilised by toe erosion, and  
6. enhanced earthquake activity from distant tectonic interaction; earthquakes trigger 
slope failures 
Throughout the case studies, this model is examined for its validity, and particular details 
are conferred or amended. The major findings are as follows.  
 Most of the sediments are sourced from the water column as hemipelagic 
deposition of carbonate skeletons, combined with terrigenous siliciclastic 
material sourced from the continental shelf. Riverine input is negligible, with 
much of the slope disconnected from rivers.  
 Mineralogical composition of the dredge sediments is comparable with that of local 
upper slope material. This suggests that the slope materials over different depths 
are from similar sources, and that such sources have remained largely consistent 
throughout the Neogene. 
 Mechanical properties of the sediments are regionally consistent, with minor local 
variations and some exceptions in the Byron Canyon area. The material is mostly 
uncemented and unlithified; despite this, it has significantly high shear 
strength and plasticity.  
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 Slope failure is unlikely to have occurred without a significant trigger such as 
an earthquake (with ground acceleration of 0.3–0.4 g), even with extreme toe 
erosion. A potential source of earthquakes affecting the EACM is the collision of 
the Australian Plate with Eurasia. Such a large-scale trigger is also consistent with the 
regionally-extensive presentation of failures along the length of the margin. Given 
that the Australian Plate is continuing to interact with both the Eurasian and Pacific 
Plates, it is possible that failure still takes place in recent or present times, and 
probable that it will happen in the future.   
 Ocean currents, both downslope (gravity currents) and alongslope (contour 
currents), are responsible the ‘background’ erosion of the EACM. These are the 
shallow EAC moving southwards alongslope, the deep ABW moving northwards 
alongslope, and sandy turbidity currents moving generally eastwards downslope. The 
alongslope currents are deflected to the west by the Coriolis Force, driving the ABW 
in particular to hug the foot of the slopes. 
 The initial stage of canyon incision along the EACM had likely occurred in 
the Oligocene or Early Miocene, but the period of intense canyon 
development took place no earlier than the Pliocene. It is also suggested that 
canyon incision have been active throughout the Pleistocene, driven by glaciation and 
deglaciation as canyon channels acted as conduits for sediment transport.  
 Canyons on the EACM may develop in a top-down or a bottom-up manner. 
Top-down canyons are characterised by a dendritic incision pattern at their shelf-
incising heads, which are formed by sand-laden currents cascading over the shelf 
edge. In place, they develop multiple tributaries at their heads. Bottom-up canyons 
are usually confined to the continental slope, or ‘blind’, with no or underdeveloped 
canyon heads and tributary systems. Their development is interpreted to be driven by 
deep currents, such as the ABW.  
 Failure of canyon walls is a major mechanism by which canyons extend 
laterally. Such intracanyon failures are primarily driven by down-channel 
sediment transport, which enhances erosivity compared with other downslope 
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currents. These flows erode the foot of the canyon walls, causing failure by 
oversteepening/undercutting, and subsequent retrogressive failure up the walls.  
 Regional erosion of the margin by bottom currents is unlikely to have a 
significant role in slope destabilisation. However, it is a key component in the 
long-term morphological development of the margin, with the ABW acting 
upon the EACM since the Miocene, establishing the regional erosive regime that 
continues to present day. This erosivity is believed to be responsible for the lack of 
significant sedimentation on or near the base of the slope since 6 Ma. Based on 
consolidation stress tests and water depths, none of the samples have experienced 
overburden of more than a few hundred metres’ thickness. Alternatively, this less-
than-expected amount of consolidation could be the result of depressurisation 
following failure and/or sample recovery, or chemical processes that occurred in the 
sediments after they are exposed by the failure over overlying material. 
 A number of sediment samples contain two distinct but mixed biostratigraphic 
assemblages, separated by a hiatus. These age-pairs are the result of sedimentary 
processes where younger material was mixed with older material on a 
granular level. One possible scenario has older sediment on the seafloor being 
mobilised during an earthquake, then incorporated into the suspended load of a 
passing turbidity current. The resultant turbidite is composed of both old and new 
material, presenting as a visually- and lithologically-uniform unit. Other possibilities 
involving biological processes such as burrowing are considered to be unlikely. The 
frequency of such occurrence within the study area, in samples across a number of 
sites and throughout a range of ages, suggests that this process has been relatively 
common throughout the developmental history of the EACM. 
 The morphology of the EACM is younger than previously envisaged, and 
possibly still currently active. Canyon incision might have been initiated as early as 
the Oligocene, but significant erosion and dissection of the continental slopes 
through mass transport events took place no earlier than the Miocene, and more 
likely, during the Pliocene.  
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9.3. Significance 
Having reviewed the knowledge that currently exists on both the topics of submarine 
mass movement and the geomorphological factors that have sculpted the EACM, this 
section will highlight the significance of this local study in the worldwide effort to 
understand submarine mass transport processes and their consequences. Investigation 
into the study area of this thesis will contribute to more general and widely-applicable 
scientific concepts, and amend some of the missing or inconsistent aspects of current 
understanding through the presentation of a novel model, which not only is consistent 
with local observations, but will inform other investigations around the world.  
Previous studies along the EACM have mainly focused upon the shallower portion of the 
continental slope, and sediment samples were largely recovered in the form of gravity 
cores. This project has made use of dredge samples collected from a range of depths, 
including the lesser-studied middle and lower slopes. Twenty-one dredges were recovered 
from eight key sites along the EACM (from Fraser Island to the north to Yamba to the 
south), along with high-resolution bathymetric data, over two voyages abroad the RV 
Southern Surveyor (SS2008-V12, SS2013-V01) (Boyd et al. 2010, Hubble et al. 2013, 2016). 
These materials, dredged from submarine slide scarps and canyon walls, were tested and 
examined for their physical properties, mechanical behaviours, and ages. With these data, 
the slopes were modelled for their stability under both static and pseudo-static 
conditions, and biostratigraphy was used to constrain the timing of both canyon incision 
and failure initiation, in order to relate their occurrence with larger-scale environmental 
changes.  
This study has amended and revised a number of major inferences about the 
morphological development of the EACM. The current morphology is much more 
youthful than previously assumed, with a major episode or a series of mass transport 
events occurring in the Pliocene, and likely continuing at least to the Pleistocene. 
However, this does not mean that the continental slopes are unstable. To the contrary, 
they are mechanically resilient even to extreme toe erosion, a mechanism that has not 
been investigated in detail in any previous studies. . This finding leads to the conclusion 
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that earthquakes are the most probable failure trigger, which in turn suggests that the 
Australian continent is more susceptible to seismic hazards than expected.  
There are also new findings arising from this thesis. Usually, if a single sample contains 
more than one biostratigraphic assemblage, the younger is attributed to contamination, 
and is disregarded. Studies of six dredge samples in this thesis have found replicable age 
distributions that are too consistent to be the result of contamination or error, and so it is 
proposed that a mechanism by which material from multiple strata may be mixed by 
turbidity flow on a granular level, and/or transported as grainflows and redeposited as a 
lithologically-uniform unit has produced these units. This concept can be used to re-
evaluate existing biostratigraphic data with occurrences of such bimodal age-pairs.  
Another finding is the examination of the hypothetical foram-crushing mechanism, 
where shearing of the sediments causes the foraminifera and other porous skeletal 
material to collapse, resulting in liquefaction of the layer. This was found to be invalid for 
the EACM, as foraminiferal skeletons within the dredge sediments have largely remained 
intact even after being subsequently subjected to high shear stresses in the laboratory.   
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9.4. Future Work  
This study has examined a number of key factors in the development of the EACM, 
particularly the mechanisms and processes that give way to canyon incision and large 
submarine failures. The results highlight the probable significance of both alongslope and 
downslope sediment transport, and challenge a number of conventional beliefs regarding 
the age and activity of the margin.  
Nevertheless, the EACM is a large study area, and presents a range of morphologies with 
a multitude of local complexities. While a number of studies have been conducted on a 
few sections of the Australian continental margin, these are mostly focused on 
characterising the study areas, and there have been few attempts to relate local 
observations to regional occurrences and global events. This study has evaluated the 
effects of toe erosion on continental slope stability, and concluded that earthquakes were 
likely involved in generating slope failure. This begs reassessment of the magnitude, 
frequency and timing of earthquakes experienced by the continent.  
The selection of study areas used in the case studies (Chapters 4–7) is restricted by the 
amount of data that was collected over the two voyages. While bathymetric data are 
reasonably robust, subsurface details are hazy at best. Available seismic sections for the 
EACM and the Tasman Sea are generally of poor quality, and core samples could not be 
collected from areas deeper than the uppermost continental slope because of limited 
access to equipment and mechanical challenges (only a gravity corer was available, which 
could not penetrate the consolidated sediments present across most of the study area),. 
Ideally, equipment for piston coring or drilling will be available for further studies of the 
internal geological structure of the margin.  
A question that had arisen from this thesis is prompted by the evidence of intact failure 
where debris blocks are found on the floor of Clarence Canyon (Chapter 7) and the lower 
portion of Byron Canyon (Chapter 6). Most of the failures along the margin are assumed 
to be disintegrative for this thesis, as no large olistostromes could be identified on the 
adjacent abyssal plains, but this cannot be confirmed while subsurface data are lacking. 
Studies on the form a failure mass can take, its evolution as it moves downslope, and the 
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factors that determine and drive such processes may explain the morphological variations 
along different sections of the EACM.  
Oceanography is another area that requires closer attention to further the understanding 
of the margin. There are a number of studies, some ongoing, on ocean circulation in the 
Tasman Sea, but few of these address bottom currents at the foot of the margin. 
Recently, the Australian Integrated Marine Observing System (IMOS) has deployed an 
array of seven moorings offshore from Brisbane to collect measurements of the EAC 
from the continental slope to the abyssal plain. While they were not the main focus of the 
project, the data indicated that contemporary deep currents are detected, dominate the 
oceanography of the abyssal plain and have a northward component with speeds of up to 
0.2 m/s (Sloyan et al. 2016). More rigorous monitoring of deep currents would 
consolidate the understanding of toe erosion and its effects on margin morphology.  
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Appendices 
A. EACM Study Area 
A.1. Eastern Australia Earthquake Records  
Recorded earthquakes above M5 in the states of NSW and QLD (Geoscience Australia 2016). 
Date  
Magni-
tude 
Latitude/Longitude Approximate Location/Comments 
1842-10-27 5.3 32.6°S/151.6°E 
Newcastle, NSW 
Felt: Sydney to Kempsey 
1868-06-18 5.3 32.8°S/151.6°E 
Maitland, NSW 
Felt: Newcastle 
1872-10-18 5.3 33.7°S/150°E 
Central NSW 
Felt: throughout NSW 
1883-08-28 5.6 25.5°S/151.67°E Gayndah, QLD 
1886-11-29 5.5 34.75°S/148.8°E -- 
1888-07-05 5.3 34.8°S/149.1°E -- 
1913-12-18 5.7 20°S/147°E Charters Towers, QLD 
1918-06-06 5.7 23.5°S/152.5°E -- 
1918-06-06 6 23.5°S/152.5°E Offshore Gladstone, QLD 
1934-11-18 5.6 34.8°S/149.2°E Gunning, NSW 
1935-04-12 5.5 25.5°S/151.67°E Gayndah, QLD 
1949-03-10 5.5 34.74°S/149.2°E Gunning, NSW 
1954-09-19 5.3 28.5°S/148.6°E St. George, QLD 
1959-05-18 5.3 36.22°S/148.64°E 
Sydney, NSW 
Felt: Rocky Plains 
1961-05-16 5.3 30.85°S/147.27°E Coonamble Basin, NSW 
1961-05-21 5.8 34.55°S/150.50°E Bowral, NSW 
1965-06-03 5.3 28.08°S/150.22°E -- 
1973-03-09 5.5 34.17°S/150.32°E Picton, NSW 
1987-07-26 5.7 29.83°S/165.15°E -- 
1989-12-27 5.4 32.95°S/151.61°E 
Newcastle, NSW 
Damaged: Liverpool, Scone, Gladstone 
Felt: Albury and Cooma to Coffs Harbour, 
Inverell, Narromine, Gold Coast, Melbourne 
1994-08-06 5.3 32.93°S/151.29°E Ellalong, NSW 
2011-04-16 5.3 20.09°S/147.76°E Near Bowen, QLD 
2015-07-29 5.4 25.35°S/154.41°E Offshore east of Fraser Island, QLD 
2015-08-01 5.3 25.38°S/154.43°E Offshore east of Fraser Island, QLD 
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A.2. Tasman Sea Bathymetry 
False-colour image of the Tasman Sea showing its bathymetry and main geomorphic features 
(from Keene et al. 2008). 
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A.3. Tasman Sea Oceanography 
Physical oceanography of the marine region offshore eastern Australia, showing the main water 
masses influencing the region as black arrows: the East Australian Current (EAC), South 
Equatorial Current (SEC), West Wind Drift (WWD) and inferred abyssal currents (shown as red 
arrows) (Keene et al. 2008). 
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A.4. Wide Bay Canyon System 
Margin morphology offshore Double Island Point showing the WBCS and the adjacent Tin Can 
Alley Canyon System (from Fletcher 2015). 
 
Morphological features of the WBCS interpreted by Hubble et al. (2016), including gravity core 
sites (GC; blue) and dredge sites (DR; red), canyon heads (white dashed lines), failure headscarps 
(white dotted lines); perimeter of elliptical depression at the mouth of WBC (yellow dotted lines). 
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B. Sample Locations  
B.1. SS2008-V12  
Location details of SS2008-V12 sampling sites from which consolidated sediment samples were 
recovered by dredging.  
Sample Locality Targeted Feature Coordinates  
Depth 
(m) 
Material Recovered 
DR2 
Barwon 
Canyon 
Circular headscarp 
on eastern nose of 
resistant ridge 
153°47’04.78”E/
26°40’30.60”S 
1690 
Non-calcareous 
mudstone; hemipelagic 
mud 
DR3 
Southern side of 
system, circular 
headscarp adjacent 
to DR2 feature 
153°51’57.96”E/
26°41’40.20”S 
2800 
Non-calcareous 
mudstone; hemipelagic 
mud 
DR6 
Centaur 
Canyon 
Toe of protruding 
margin segment on 
eastern face 
154°05’42.00”E/
27°11’57.12”S 
3150 
Clay and claystone, 
some calcareous; 
minor trachyte, basalt, 
hyaloclastite 
DR8 
Tweed 
Canyon 
Failure scarp on 
north-eastern wall 
154°03’40.79”E/
28°23’35.88”S 
1800 
Calcareous and non-
calcareous mudstone; 
minor hyaloclastite and 
calcareous tuff 
DR9 
Circular slip 
headscarp on 
prominent half-dome 
structure within 
canyon 
153°59’37.79”E/
28°24’23.76”S 
1500 
Bedded sandy silt/mud 
with bivalves, 
foraminiferal and plant 
material 
DR16 
Byron 
Canyon 
Middle of Byron Slide 
154°01’1.20”E/ 
28°37’17.40”S 
2020 
Orthoconglomerates; 
ferruginised silty clay 
DR11 
Richmond 
Canyon 
Northern canyon wall 
154°00’30.60”E/
28°47’33.60”S 
2730 Clayey silt 
DR17 
153°57’19.20”E/
28°51’18.60”S 
1900 Calcareous mud 
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Gravity core (GC) samples from SS2008/12 that were analysed by XRD to provide a 
compositional comparison with SS2013-V01 dredge sample. Two samples from each core were 
taken, one from an upper section (U) and one from a lower section (L).  
Sample 
Down-
core 
depth 
(cm) 
Locality 
Latitude/ 
Longitude 
Water 
Depth (m) 
GC2(U) 42–44 Bribie Bowl Slide,  
Southern QLD 
2645’38.40”S/ 
15343’40.80”E 
585 
GC2(L) 294–296 
GC8(U) 77 Lower Coolangatta Slide, 
Northern NSW 
2807’15.78”S/ 
15402’45.12”E 
929 
GC8(L) 92 
GC11(U) 200 
Base of Cudgen Slide, 
Northern NSW 
2813’29.46”S/ 
15358’57.60”E 
755 
GC11(L) 242 
GC7(U) 10–12 Ridge N of Cudgen Slide, 
Northern NSW 
2812’42.60”S/ 
15359’41.40”E 
748 
GC7(L) 374–378 
GC12(U) 73 Middle Byron Slide, 
Northern NSW 
2837’57.60”S/ 
15358’5.40”E 
1167 
GC12(L) 94 
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B.2. SS2013-V01 
Location details of SS2013-V01 sampling sites from which consolidated sediment samples were recovered by dredging. 
Sample Locality Targeted Feature 
Latitude Longitude Depth (m) 
Start End Start End Start End 
DR002 
Fraser 
Canyon 
Northern wall potential 
slide 
24°38’40.56”S 24°38’57.96”S 153°37’56.1”E 153°37’59.28”E 1935.2 1668.7 
DR004 North of 
Wide 
Bay 
Canyon 
Potential intracanyon 
slide 
24°38’40.56”S 25°26’36.00”S 153°00’18.24”E 153°58’28.68”E 1784.5 1703.4 
DR005 
Canyon wall crest  
across adjacent slope 
25°24’43.32”S ? ? 154°00’0.12”E ? 1800 
DR008 
South of 
Wide 
Bay 
Canyon 
Northern wall of slide 
scarp 
25°35’6.90”S 25°35’24.96”S 153°58’30.30”E 153°58’25.26”E 1192.7 1223.5 
DR010 Headwall of slide scarp 25°38’29.58”S 25°38’41.76”S 153°56’58.92”E 153°56’53.22”E 1092.5 996.4 
DR011 Headwall of slide scarp 25°42’36.30”S 25°43’15.60”S 153°57’7.02”E 153°56’52.80”E 1270 880 
DR012 
Tin Can Alley northern 
wall 
25°47’24.78”S 25°47’8.82”S 153°54’50.88”E 153°54’42.84”E 524 358 
DR014 Within slide scarp 25°37’50.58”S 25°38’6.42”S 154°01’36.12”E 154°01’33.60”E 2069 1843.5 
DR015 Within slide scarp 25°38’4.92”S 25°38’35.70”S 154°03’10.56”E 154°03.’13.68”E 2514 2357 
DR021 
Byron 
Slide 
Scarp at base of slide 28°36’51.78”S 28°37’14.04”S 153°58’16.08”E 153°57’57.96”E 1312.8 1126 
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B.3. Clarence Canyon Debris Locations 
Debris Block Latitude Longitude Water depth (m) 
1 153°43’34.2”E 29°09’08.1”S 2230.58 
2 153°49’26.3”E 29°03’28.5”S 2244.41 
3 153°56’00.3”E 29°56’33.7”S 2284.59 
4 154°06’46.1”E 29°56’58.0”S 2268.55 
5 154°12’15.2”E 29°59’21.7”S 2319.87 
6 154°29’31.5”E 29°01’25.5”S 2340.50 
7 154°24’02.1”E 29°09’43.7”S 2320.34 
8 154°36’20.6”E 29°56’49.4”S 2375.44 
9 154°47’50.4”E 29°04’32.0”S 2410.86 
10 154°35’59.6”E 29°08’37.6”S 2385.41 
11 154°39’16.3”E 29°21’17.7”S 2396.42 
12 154°45’41.3”E 29°24’29.8”S 2421.72 
13 154°49’08.2”E 29°27’36.0”S 2432.90 
14 154°00’12.7”E 29°09’58.8”S 2450.18 
15 154°57’51.8”E 29°15’13.0”S 2452.67 
16 154°07’14.2”E 29°10’07.1”S 2468.80 
17 154°17’14.6”E 29°01’23.8”S 2479.27 
18 154°16’41.1”E 29°11’48.6”S 2488.00 
19 154°14’52.4”E 29°19’57.7”S 2520.79 
20 154°10’11.2”E 29°30’16.9”S 2502.17 
21 154°15’11.5”E 29°34’35.5”S 2522.94 
22 154°27’31.5”E 29°00’26.1”S 2508.10 
23 154°35’05.5”E 29°04’31.6”S 2574.91 
24 154°34’46.8”E 29°13’19.7”S 2569.91 
25 154°38’44.1”E 29°22’16.2”S 2555.72 
26 154°33’27.5”E 29°34’51.1”S 2578.23 
27 154°41’33.2”E 29°36’47.2”S 2609.95 
28 154°59’06.3”E 29°27’00.8”S 2627.03 
29 154°06’37.7”E 29°26’00.2”S 2661.10 
30 154°14’36.5”E 29°34’34.5”S 2674.56 
31 154°11’17.8”E 29°41’03.7”S 2641.76 
32 154°54’44.0”E 29°43’05.2”S 2620.64 
33 154°34’39.9”E 29°43’32.2”S 2719.63 
34 154°31’52.1”E 29°24’23.4”S 2713.91 
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C. Sedimentology and Biostratigraphy  
Summary table for tests and analyses conducted on the samples from both voyages. Oedometer 
tests for samples from either voyage involve different apparatus setups; see Sections 3.3.5 and 
3.3.6 for more details. 
Site 
Volume 
(kg) 
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b
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S
S
2
0
0
8
-V
1
2
 
DR1 20 ✓   ✓ ✓  ✓  
DR2 25 ✓  ✓ ✓ ✓  ✓  
DR3 20 ✓  ✓ ✓ ✓  ✓  
DR6 100 ✓   ✓ ✓  ✓  
DR8 100 ✓  ✓ ✓ ✓  ✓  
DR9 200 ✓  ✓ ✓ ✓  ✓  
DR11 10 ✓      ✓  
DR16 200 ✓      ✓  
DR17 300 ✓  ✓ ✓ ✓  ✓  
S
S
2
0
1
3
-V
0
1
 
DR002 30 ✓ ✓  ✓  ✓ ✓ ✓ 
DR004 200 ✓ ✓  ✓  ✓ ✓ ✓ 
DR005 100 ✓ ✓  ✓  ✓ ✓ ✓ 
DR008 100 ✓ ✓  ✓   ✓ ✓ 
DR010 -- ✓ ✓  ✓   ✓ ✓ 
DR011 -- ✓ ✓  ✓   ✓ ✓ 
DR012 -- ✓   ✓  ✓   
DR014 200 ✓ ✓  ✓  ✓ ✓ ✓ 
DR015 -- ✓ ✓  ✓   ✓ ✓ 
DR021 -- ✓ ✓  ✓    ✓ 
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C.1. Hand Sample Lithology 
DR002: Semi-consolidated sandy silt 
 
 
DR004: Partially-consolidated, bioturbated mud 
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DR005: Consolidated silt/mud 
 
 
 
DR006: Manganese-encrusted sand/siltstone 
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DR008: Mottled consolidated sandy-silt 
 
 
 
DR010: Semi-consolidated mud 
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DR011: Consolidated mud | Seastar in burrows 
 
 
 
DR014: Consolidated, laminated muds with manganese encrustation 
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DR015: Silty, brittle, bioturbated mud 
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DR021: Partially-lithified, manganised, bioturbated mud
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C.2. Sand-Sized  Components  
Summary of the components within sand-sized fractions sieved out of the SS2013-V01 dredge 
samples, with descriptions of notable/distinguishable contents, photograph and comments on 
their appearances where significant (Figure continues for the next 4 pages). 
S
a
m
p
le
 
Sand-Sized Material Microscopic Image Comments 
D
R
0
0
2
 
 Fine mixed siliciclas-
tic and bioclastic car-
bonate sands – no 
less than 60% car-
bonate content 
 Sponge spicules 
 Significant but not 
dominant foram con-
tent 
 
Mixed siliciclastic 
and bioclastic 
carbonate sands.  
Agglutination 
common.  
D
R
0
0
4
A
 
 Relatively coarse 
mixed siliciclastic and 
bioclastic carbonate 
sands – up to 2 mm 
 Foram content do-
minant 
 Siliciclastic grains – 
distinct yellowish 
stain 
 
Forams often 
cemented onto 
the surfaces of 
clastic grains. 
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S
a
m
p
le
 
Sand-Sized Material Microscopic Image Comments 
D
R
0
0
5
B
 
 Contents appear to 
be similar to that of 
DR002 
 Dominated by fine 
mixed siliciclastic and 
bioclastic carbonate 
sands 
 Significant but not 
dominant foram con-
tent 
 
Mixed siliciclastic 
and bioclastic 
carbonate sands.  
Agglutination 
common.  
 
D
R
0
0
8
B
 
 Approximately equal 
amounts of mixed 
siliciclastic and bio-
clastic carbonate 
sands and morpho-
logically distinguish-
able forams 
 Some spongy mater-
ial – possibly skeletal 
network of e.g. 
sponges 
 
 
D
R
0
10
 
 Very oxidised, 
yellow-ish-brown 
grains 
 Fine mixed siliciclas-
tic and bioclastic car-
bonate sands 
 30-40% foram con-
tent 
 Some uncommon 
forams 
 
Mixed siliciclas-
tic and bioclastic 
carbonate sands.  
Agglutination 
common.  
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S
a
m
p
le
 
Sand-Sized Material Microscopic Image Comments 
D
R
0
11
 
 Fine mixed siliciclas-
tic and bioclastic car-
bonate sands 
 Significant foram 
content (~10%) 
 Small siliciclastics 
(quartz and feldspar) 
 Light greenish grains 
– possible glauconite 
 Iron/Manganese 
oxides 
 
Entire sample is 
oxidised and 
stained a uni-
form golden-
brown. 
Agglutination 
common. 
 
D
R
0
12
 
 Foram content do-
minant (50-60%) 
 Fine mixed siliciclas-
tic and bioclastic car-
bonate sands 
 Assorted large car-
bonate fossils: sphe-
rical forams, sponge 
spicules, gas-tropods, 
pteropods, molluscs 
etc.  
 
Sample is most 
likely of relative-
ly recent age. 
D
R
0
14
 
 Very fine mixed sili-
ciclastic and bioclas-
tic carbonate sands 
 Significant foram 
content (~10%) 
 Some siliciclastic 
(quartz, feldspar and 
mica) sand grains 
 
Mixed siliciclastic 
and bioclastic 
carbonate sands.  
Agglutination 
common.  
Some forams 
present distinctly 
darker, greyish 
tinge. 
Manganese 
oxide encrusta-
tions present on 
some grains. 
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S
a
m
p
le
 
Sand-Sized Material Microscopic Image Comments 
D
R
0
15
A
 
 Oxidised carbonate 
and siliciclastic sands 
 Significant fine foram 
content (~10%) 
 Possible worm bur-
rows: cylindrical 
structures formed by 
aggregation of fine 
arenaceous grains, 
with hollowed centre 
 
Oligocene-aged 
faunal contents. 
D
R
0
2
0
 
 Dominantly (70-
80%) foram sand 
 Fine mixed siliciclas-
tic and bioclastic car-
bonate sands 
 Minor sponge spi-
cules and pteropods 
 
Cemented/agglu
tinated forams 
com-mon. 
Entire sample is 
oxidised and 
stained a uni-
form yellowish 
tinge. 
D
R
0
2
1 
 Primarily fine quartz 
sand 
 Lesser proportions 
of feldspar, olive-
green grains (glau-
conite?), elongated 
orange grains (iron 
oxide/hydroxide), 
mafic mineral grains, 
possible volcanic 
glass 
 
Sample appears 
to be predomi-
nantly composed 
of mud-sized 
grains. 
A lot of the 
mud-sized 
fraction cannot 
be easily disag-
gregated. 
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C.3. Grain-Size Distribution 
Voyage Sample Locality Clay % Silt % Sand % 
2008 
DR1-A Maroochydore Slopes 1.1 52.6 46.3 
DR1-B Maroochydore Slopes 0.9 51.3 47.8 
DR2 Maroochydore Slopes 4.9 47.9 42.8 
DR3 Maroochydore Slopes 1.3 51.6 47.1 
DR6-B Centaur Canyon 1.2 66.6 32.2 
DR6-C Centaur Canyon 1.1 58.7 40.2 
DR6-D Centaur Canyon  0.7 61.4 37.9 
DR6-F Centaur Canyon  1.1 65.8 33.1 
DR6-G Centaur Canyon  1.9 67.8 30.2 
DR6-H Centaur Canyon  16.8 45.8 37.4 
DR8 Tweed Canyon 1.5 70.9 27.6 
DR9 
Tweed Canyon (Jock’s 
Peak) 
1.9 70.5 27.6 
DR11 Richmond Canyon  3.4 47.5 49.2 
DR16 Byron Canyon 1.5 61.6 36.9 
DR17 Richmond Canyon  1.1 59.1 39.8 
2013 
DR002 Fraser Slopes 0.63 48.57 50.80 
DR004 Wide Bay Canyon 2.03 50.89 47.08 
DR005 Wide Bay Canyon 1.79 44.52 53.68 
DR006 Wide Bay Canyon 2.90 47.06 50.04 
DR008 Inskip Slide 0.35 28.98 70.66 
DR009 Inskip Slide 4.19 56.33 39.48 
DR010  Inskip Slide 1.07 37.49 61.44 
DR011 Inskip Slide 1.23 45.98 52.79 
DR012 Inskip Slide 3.08 21.25 75.67 
DR013 Inskip Slide 1.90 45.69 52.41 
DR014 Inskip Slide 1.63 49.44 48.93 
DR015 Inskip Slide 0.23 13.42 86.35 
DR020 Byron Canyon 1.87 47.60 50.53 
DR021 Byron Canyon 1.38 59.30 39.32 
GC030-A Clarence Canyon 2.37 43.59 54.05 
GC030-B Clarence Canyon 1.58 35.07 63.35 
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SS2008-V12: DR1-A 
 
SS2008-V12: DR1-B 
 
SS2008-V12: DR2 
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SS2008-V12: DR3 
 
SS2008-V12: DR6-B 
 
SS2008-V12: DR6-C 
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SS2008-V12: DR6-D 
 
SS2008-V12: DR6-F 
 
SS2008-V12: DR6-G 
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SS2008-V12: DR6-H 
 
SS2008-V12: DR8 
 
SS2008-V12: DR9 
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SS2008-V12: DR11 
 
SS2008-V12: DR16 
 
SS2008-V12: DR17 
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SS2013-V01: DR002 
 
SS2013-V01: DR004 
 
SS2013-V01: DR005 
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 SS2013-V01: DR008 
 
SS2013-V01: DR010 
 
SS2013-V01: DR011 
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SS2013-V01: DR012 
 
SS2013-V01: DR014 
 
SS2013-V01: DR015 
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SS2013-V01: DR020 
 
SS2013-V01: DR021 
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C.4. Mineralogy  
Semi-quantitative mineralogical composition of upper slope core samples (SS2008-V12) and 
lower slope dredge samples (SS2013-V01). Samples from the same core are denoted as upper (U) 
or lower (L).   
Minerals 
 ---  Carbonates  --- 
Feld-
spar 
– – -- Clay minerals -- 
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it
e
 
Z
e
o
li
te
 
(C
li
n
o
p
ti
lo
li
te
) 
S
S
2
0
0
8
-V
1
2
 
GC2(U) 15 31 15 15  4 3 3 1 5 9   
GC2(L) 21 18 19 12  6 6 2 1 5 9   
GC8(U) 16 31 17 17  5 4 2 <1 3 5   
GC8(L) 11 51 9 18  2 1 2 <1 2 5   
GC11(U) 23 24 18 14  6 5 2 1 3 5   
GC11(L) 19 33 13 18  5 5 2 <1 2 3   
GC7(U) 21 38 8 16  4 5 2  2 5   
GC7(L) 24 28 9 8  6 6 1  4 9 5  
GC12(U) 19 26 13 12  5 4 3  5 9 6  
GC12(L) 16 36 9 10  5 4 2  5 9 5  
S
S
2
0
1
3
-V
0
1
 
DR002 5 55  5  2 2 1  6 23   
DR004 8 56  1 1 5 3 2  4 17 4  
DR005 5 60  9  3 1 2  3 17   
DR008 11 45  5  4 4 2  6 23   
DR010 18 49  3  6 3 1  3 17   
DR011 18 31  2 6 9 5 1  5 23   
DR014 6 64  10  4 4 <1  4 9   
DR015 11 53  7  5 3 <1  3 17  <1 
DR021 43 <1    12 3 <1  3 34 5  
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Summary of semi-quantitative mineralogical composition (by percentages) of core samples from 
the upper slope (SS2008-V12) and dredge samples from the lower slope (SS2013-V01). Samples 
from the same core are denoted as upper (U) or lower (L).  Note that content percentages for 
each sample may not add up to 100, as the numbers are rounded to the nearest 1.  
Samples 
Quartz + 
Feldspar 
Carbonates 
Clays +  
Others 
S
S
2
0
0
8
-V
1
2
 U
p
p
e
r 
S
lo
p
e
 
GC2 
Upper 
Lower 
22 
33 
61 
49 
18 
17 
GC8 
Upper 
Lower 
25 
14 
65 
78 
10 
9 
GC11 
Upper 
Lower 
34 
29 
56 
64 
11 
7 
GC7 
Upper 
Lower 
30 
36 
62 
45 
9 
19 
GC12 
Upper 
Lower 
28 
25 
51 
55 
23 
21 
 S
S
2
0
1
3
-V
0
1
 M
id
d
le
 a
n
d
 L
o
w
e
r 
S
lo
p
e
s
 DR002 9 60 30 
DR004A 16 58 27 
DR005B 9 69 22 
DR008B 19 50 31 
DR010 27 52 21 
DR011 32 39 29 
DR014 14 74 13 
DR015A 19 60 20 
DR021 58 0 42 
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C.5. Biostratigraphy  
Nanofossil biostratigraphy of SS2013-V01 dredge samples. Underlined samples and results 
indicate those that could not be dated using foraminifera.  
Sample Biochron 
Geochronometric 
Age (Ma) 
Sequence  
(Epoch) 
DR020 
NN9 
NN14–15 
10.4–9.4 4.2–3.7 
Early–Middle 
Pliocene 
Late 
Miocene 
DR004A NN9–NN10 9.4–8.45 Late Miocene 
DR010 
NN7 
NN9–NN10 
12.2–
10.75 
9.4–8.45 
Middle–Late 
Miocene 
Late 
Miocene 
DR014 NN5–NN7 15.85–12.2 Middle–Late Miocene 
DR005B 
NN4–NN5 18.3–13.55 Early–Middle Miocene 
DR015A 
DR021 NN4 18.3–15.6 Early Miocene 
DR011 
Eocene–NN7  
NN9–NN10 
56.0–
10.75 
9.4–8.45 
Eocene–Late 
Miocene 
Late 
Miocene 
DR008B 
Eocene–NN1 
NN8–NN9 
56.0–23.2 11.3–9.4 
Eocene/ 
Oligocene 
Late 
Miocene 
DR002 
Eocene–NN1  
NN7 
56.0–23.2 
12.2–
10.75 
Eocene/ 
Oligocene  
Middle–Late 
Miocene 
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C.6. Burial Depth  
Graphical summary of biostratigraphic ages of the dredge samples contextualised within their 
locality’s downslope profile; thicker black (and grey) lines indicate local reference “pre-failure” 
slopes: (A) Wide Bay Canyon (maroon and red) and Inskip Slide (violet, azure, cyan, green), with 
the slopes north of Wide Bay Canyon as reference (Chapter 5); (B) Maroochydore Slopes (orange 
and yellow) with Nerang Plateau as reference (Chapter 6); (C) Tweed Canyon (dark green) and 
Byron Slide (pink) with Nerang Plateau (black) and Yuraygir Plateau (grey) as reference.  
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Summary of biostratigraphy and recovery depths of EACM sediment samples from both voyages.  
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C.7. Bimodal Age-Pairs  
Age ranges of samples with bimodal biostratigraphic assemblages, indicated by black cells. Grey 
cells highlight the two hiatuses indicated by each group of samples. 
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D. Geotechnical Testing 
D.1. Summary of Geotechnical Properties 
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DR1 1.62 1.01 2.45 1903.6 1347.9 18.7 69 41 0.27 0.07 1500 175 –– –– –– –– 
DR2 1.40 0.85 2.44 1943.1 1439.7 19.0 66 35 0.25 0.02 –– –– 5.4 –– 28.8 –– 
DR3 1.27 0.79 2.77 2051.0 1596.8 20.1 46 28 0.33 0.04 850 85 17.1 14.3 22.4 23.6 
DR6-D 2.63 1.16 2.60 1881.7 1300.1 18.4 92 45 0.51 0.04 600 72 28.8 30.9 31.4 20.4 
DR8 1.61 1.00 2.64 1904.4 1382.4 18.7 61 38 0.58 0.04 1500 175 22.5 36.0 30.7 18.6 
DR9-B 1.73 0.95 2.67 1973.4 1457.4 19.3 59 35 0.31 0.04 1000 108 20.4 15.1 29.6 29.1 
DR17 1.25 0.87 2.45 1942.0 1431.1 19.0 48 36 0.36 0.04 800 90 40.8 22.8 29.3 27.7 
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SS2013-V01 
Sample 
In
it
ia
l 
V
o
id
 R
a
ti
o
 
F
in
a
l 
V
o
id
 R
a
ti
o
 
W
e
t 
b
u
lk
 D
e
n
s
it
y
 
(k
g
/m
3
) 
D
ry
 B
u
lk
 D
e
n
s
it
y
 
(k
g
/m
3
) 
S
a
tu
ra
te
d
 U
n
it
 
W
e
ig
h
t 
(k
N
/m
3
) 
In
it
ia
l 
M
o
is
tu
re
 
C
o
n
te
n
t 
(%
) 
F
in
a
l 
M
o
is
tu
re
 
C
o
n
te
n
t 
(%
) 
C
o
m
p
re
s
s
io
n
 
In
d
e
x
 
R
e
c
o
m
p
re
s
s
io
n
 
In
d
e
x
 
P
re
c
o
n
s
o
li
d
a
ti
o
n
 
S
tr
e
s
s
 (
k
P
a
) 
E
s
ti
m
a
te
d
 B
u
ri
a
l 
D
e
p
th
 (
m
) 
L
iq
u
id
 L
im
it
 (
%
) 
P
la
s
ti
c
 L
im
it
 (
%
) 
P
la
s
ti
c
it
y
 I
n
d
e
x
 
DR002 1.79 1.01 1817.3 1294.3 17.8 76 40 0.24 0.01 700 91 36.2 20.5 15.7 
DR004 1.60 0.89 1948.9 1453.6 19.1 65 34 0.26 0.03 –– –– 85 41.9 43.1 
DR005 1.89 0.98 1933.5 1406.1 18.9 78 38 0.23 0.02 500 57 70.7 48.2 22.5 
DR008 1.76 0.95 1979.5 1448.7 19.4 74 37 0.38 0.03 700 75 –– –– –– 
DR010 1.23 0.77 2082.8 1609.3 20.4 52 29 0.13 0.02 650 63 –– –– –– 
DR011 1.54 0.84 2067.3 1560.6 20.3 65 32 0.28 0.03 450 44 82.3 40.7 41.6 
DR012 1.34 0.71 2035.9 1601.1 20.0 61 27 0.23 0.01 800 81 –– –– –– 
DR014 1.42 1.03 1323.8 1323.8 18.1 59 40 0.35 0.02 1000 125 80.7 55.8 24.9 
DR015 0.90 0.88 1479.3 1479.3 19.4 36 34 0.19 0.02 2000 214 –– –– –– 
DR021 0.92 0.85 2025.3 1528.1 19.8 37 33 0.22 0.03 1500 154 67.6 40.1 27.5 
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D.2. Shear-Box Tests  
Summary of parameters for the three shear-box apparatuses. 
Shear 
Box 
Number 
Shear 
Box 
Area 
Initial 
Sample 
Height 
Vertical 
Load 
Total 
Normal 
Load 
Force 
Calibration 
Factor 
Normal 
Stress 
1 
36 cm2 13 mm 
13620 g 19490 g 3.78 N/div 53.1 kPa 
2 40852.3 g 40858 g 4.02 N/div 111.3 kPa 
3 72580 g 78002 g 3.72 N/div 212.6 kPa 
 
(Top) The series of three shear-boxes set in place with different loads applied to the hangers; 
(Bottom) close-up of one of the shear-boxes, in place with multiple dial gauges. A motor exerts 
a force to the bottom half of the shear-box (directed towards the right of the image) while the 
top half is kept in place. 
 
 
Yu (2017)  Appendices 
 385 
 
For following figures, shear stress and normal stress plots (left) and deformation history results 
(right) produced from the shear-box tests are shown. For plots, Blue = Shear Box 1, red = 
Shear Box 2, green = Shear Box 3. 
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D.3. Oedometer Tests  
Loads applied to the incremental loading oedometer apparatus and the resultant forces and 
pressures applied to the samples. There are two incremental loading oedometer apparatuses and 
therefore two sets of weights were used, with minor differences between their masses.  
Sequence 
Cumulative applied 
load  
(kg) 
Cumulative force 
applied to sample  
(N) 
Cumulative pressure 
experienced by 
sample  
(MPa) 
Set A Set B Set A Set B Set A Set B 
Loading 
1.12 1.12 11.02 11.03 0.120 0.120 
2.82 2.82 27.67 27.68 0.301 0.301 
5.05 5.05 49.52 49.53 0.539 0.539 
9.58 9.60 94.02 94.20 1.024 1.025 
16.40 16.41 160.89 160.96 1.751 1.752 
25.49 25.48 250.01 249.97 2.722 2.721 
39.10 39.10 383.55 383.59 4.175 4.176 
61.58 61.70 604.06 605.26 6.576 6.589 
97.82 97.99 959.65 961.30 10.446 10.465 
Unloading 
61.58 61.70 604.06 605.26 6.576 6.589 
39.10 39.10 383.55 383.59 4.175 4.176 
16.40 16.41 160.89 160.96 1.751 1.752 
2.82 2.82 27.67 27.68 0.301 0.301 
1.12 1.12 11.02 11.03 0.120 0.120 
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D.4. Oedometer Tests - Reconstituted 
Selected samples displaying “unusual” consolidation behaviour suggestive of cementation were 
reconstituted following oedometer consolidation, disaggregated, reconstituted, and re-
consolidated. The numerical data and results are presented below.  
Stages 
Vertical  
effective stress  
(σ’) (kPa) 
Void ratio (e) 
DR002 DR008 DR010 DR011 DR014 
O
ri
g
in
a
l 
lo
a
d
in
g
 
119.92 2.24 2.33 1.24 1.87 1.79 
301.25 2.18 2.25 1.20 1.77 1.74 
539.11 2.14 2.20 1.19 1.66 1.71 
1023.51 1.93 1.91 1.08 1.40 1.63 
1751.38 1.61 1.54 0.95 1.20 1.48 
2721.56 1.34 1.26 0.86 1.04 1.31 
4175.18 1.12 1.05 0.80 0.90 1.12 
6575.69 0.92 0.87 0.73 0.77 0.96 
10446.47 0.75 0.69 0.67 0.65 0.81 
O
ri
g
in
a
l 
u
n
lo
a
d
in
g
 
10446.47 0.77 0.71 0.68 0.66 0.82 
4175.18 0.79 0.73 0.69 0.68 0.84 
1751.38 0.83 0.77 0.70 0.71 0.88 
539.11 0.92 0.83 0.73 0.78 0.94 
119.92 1.05 0.95 0.77 0.84 1.03 
R
e
c
o
n
s
ti
tu
te
d
 l
o
a
d
in
g
 119.92 1.64 1.44 1.11 1.19 1.48 
239.85 1.46 1.34 1.01 1.07 1.36 
482.90 1.29 1.13 0.93 –– 1.22 
969.11 1.13 1.00 0.84 0.61 1.07 
1938.44 0.99 0.87 0.76 0.70 0.94 
3875.59 0.85 0.74 0.66 0.59 0.81 
7745.31 –– 0.62 0.57 0.48 0.68 
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D.5. Atterberg Limits 
Summary of SS2015-V01 sample properties on the USCS Plasticity Chart. 
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LIQUID LIMIT 
Test 1 2 3 4 5 
Cone penetration (mm) 15.4 16 20.8 25.1 26.8 
 
15.1 16.2 20.9 25.4 26.5 
 
15.1 16.3 21.1 25.4 26.7 
Average (mm) 15.20 16.17 20.93 25.30 26.67 
Dish mass (g) 11.06 11.11 11.01 10.93 10.71 
Wet sediment + dish (g) 27.01 32.85 27.64 34.92 31.23 
Dry sediment + dish (g) 23.03 27.25 23.17 28.24 25.38 
Dry sediment (g) 11.97 16.14 12.16 17.31 14.67 
Moisture loss (g) 3.98 5.6 4.47 6.68 5.85 
Moisture content (%) 33.25 34.70 36.76 38.59 39.88 
MC@20mm Penetration 
(i.e. WL: see graph) 
36.2 
 
 
 
 
  
PLASTIC LIMIT 
Test 1 2 3 4 
Wet sediment + dish (g) 19.5 19.06 19.3 20.24 
Dry sediment + dish (g) 19.11 18.75 18.93 19.74 
Dish mass (g) 17.33 17.09 17.24 17.16 
Dry sediment (g) 1.78 1.66 1.69 2.58 
Moisture loss (g) 0.39 0.31 0.37 0.5 
Moisture content (%) 21.91 18.67 21.89 19.38 
Ave. MC (%) (i.e. WP) 20.46 
   
PLASTICITY INDEX (IP) 
WL 36.2 
WP 20.46 
IP = WL - WP 15.74 
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LIQUID LIMIT 
Test 1 2 3 4 5 
Cone penetration (mm) 24.4 19.3 14.1 11.1 5.8 
 24.3 19.4 14.2 10.8 5.6 
 24.5 19.6 14.4 10.8 5.9 
Average (mm) 24.40 19.43 14.23 10.90 5.77 
Dish mass (g) 17.35 17.62 17.31 17.21 17 
Wet sediment + dish (g) 43.29 43.03 38.88 39.85 31.09 
Dry sediment + dish (g) 30.96 31.39 29.49 30.47 25.86 
Dry sediment (g) 13.61 13.77 12.18 13.26 8.86 
Moisture loss (g) 12.33 11.64 9.39 9.38 5.23 
Moisture content (%) 90.60 84.53 77.09 70.74 59.03 
MC@20mm Penetration 
(i.e. WL: see graph) 
85 
 
 
 
 
  
PLASTIC LIMIT 
Test 1 2 3 4 
Wet sediment + dish (g) 18.92 19.16 18.89 19.02 
Dry sediment + dish (g) 18.28 18.61 18.25 18.41 
Dish mass (g) 16.81 17.23 16.91 16.97 
Dry sediment (g) 1.47 1.38 1.34 1.44 
Moisture loss (g) 0.64 0.55 0.64 0.61 
Moisture content (%) 43.54 39.86 47.76 42.36 
Ave. MC (%) (i.e. WP) 43.38 
   
PLASTICITY INDEX (IP) 
WL 85 
WP 43.38 
IP = WL - WP 41.62 
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LIQUID LIMIT 
Test 1 2 3 4 5 
Cone penetration (mm) 24 20 15.1 13.9 11.6 
 24.3 20 15.2 14.2 11.3 
 24.1 20.1 15.1 14 11.6 
Average (mm) 24.13 20.03 15.13 14.03 11.50 
Dish mass (g) 11.06 11.11 11.01 10.93 10.71 
Wet sediment + dish (g) 30.91 19.73 20.87 22.3 18.58 
Dry sediment + dish (g) 22.48 16.12 16.95 17.86 15.51 
Dry sediment (g) 11.42 5.01 5.94 6.93 4.8 
Moisture loss (g) 8.43 3.61 3.92 4.44 3.07 
Moisture content (%) 73.82 72.06 65.99 64.07 63.96 
MC@20mm Penetration 
(i.e. WL: see graph) 
70.7 
 
 
 
 
  
PLASTIC LIMIT 
Test 1 2 3 4 
Wet sediment + dish (g) 19.19 19.14 19.3 18.6 
Dry sediment + dish (g) 18.62 18.45 18.58 18.16 
Dish mass (g) 17.33 17.09 17.24 17.16 
Dry sediment (g) 1.29 1.36 1.34 1 
Moisture loss (g) 0.57 0.69 0.72 0.44 
Moisture content (%) 44.19 50.74 53.73 44 
Ave. MC (%) (i.e. WP) 48.16       
PLASTICITY INDEX (IP) 
WL 70.7 
WP 48.16 
IP = WL - WP 22.54 
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LIQUID LIMIT 
Test 1 2 3 4 5 
Cone penetration (mm) 28.2 22 18 14.3 -- 
 28.3 22.6 18.1 14.2 -- 
 28.25 22.8 17.8 14.1 -- 
Average (mm) 28.2 22 18 14.3 -- 
Dish mass (g) 16.81 17.23 17.62 17 -- 
Wet sediment + dish (g) 46.81 37.86 40.36 30.51 -- 
Dry sediment + dish (g) 32.7 28.41 30.36 24.76 -- 
Dry sediment (g) 15.89 11.18 12.74 7.76 -- 
Moisture loss (g) 14.11 9.45 10 5.75 -- 
Moisture content (%) 88.80 84.53 78.49 74.10 -- 
MC@20mm Penetration 
(i.e. WL: see graph) 
80.7 
 
 
 
  
PLASTIC LIMIT 
Test 1 2 3 4 
Wet sediment + dish (g) 19.54 18.54 18.54 19.02 
Dry sediment + dish (g) 18.76 18.07 18.14 18.25 
Dish mass (g) 17.35 17.21 17.31 16.91 
Dry sediment (g) 1.41 0.86 0.83 1.34 
Moisture loss (g) 0.78 0.47 0.4 0.77 
Moisture content (%) 55.32 54.65 48.19 57.46 
Ave. MC (%) (i.e. WP) 53.91       
PLASTICITY INDEX (IP) 
WL 80.7 
WP 53.91 
IP = WL - WP 26.79 
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E. Morphology  
E.1. Canyon Slope Gradients   
All cross-canyon profiles down the channel of WBC, shown from an oblique view. 
 
WIDE BAY CANYON 
Segment Profile 
Depth of canyon 
axis (m) 
Southern wall 
average slope (°) 
Northern wall 
average slope (°) 
Reach 1 
A–A’ 1250 6.7 6.5 
B–B’ 1440 6.3 7.0 
C–C’ 1580 6.5 6.9 
D–D’ 1750 6.6 6.7 
E–E’ 1940 6.6 6.3 
F–F’ 2100 6.7 6.5 
G–G’ 2190 7.7 7.1 
Reach 2 
H–H’ 2320 7.7 7.8 
I–I’ 2500 7.5 7.1 
J–J’ 2580 7.5 5.9 
K–K’ 2670 6.7 6.2 
Reach 3 
L–L’ 2840 6.4 5.3 
M–M’ 2990 5.5 5.8 
N–N’ 3290 6.1 6.0 
O–O’ 3450 6.2 6.8 
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All cross-canyon profiles down the channel of Barwon Canyon, shown from an oblique view. 
 
 MAROOCHYDORE SLOPES – BARWON CANYON 
Profile 
Thalweg water 
depth (m) 
Thalweg Incision 
depth (m) 
Southern wall 
average slope 
(°) 
Northern wall 
average slope (°) 
A–A’ 825 200 6.2 6.5 
B–B’ 1050 250 5.3 6.6 
C–C’ 1200 300 5.1 6.3 
D–D’ 1390 430 5.3 5.3 
E–E’ 1570 470 5.9 5.0 
F–F’ 1720 620 4.1 5.4 
G–G’ 1875 630 6.0 4.8 
H–H’ 2020 520 4.8 5.7 
I–I’ 2150 640 6.1 4.7 
J–J’ 2440 900 6.1 4.7 
K–K’ 2730 1050 6.1 6.4 
L–L’ 2850 930 6.2 6.1 
M–M’ 3090 770 6.6 5.3 
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All cross-canyon profiles down the channel of Tweed Canyon, shown from an oblique view. 
TWEED CANYON 
Segment Profile 
Thalweg 
water depth 
(m) 
Thalweg 
Incision 
depth (m) 
Southern 
wall average 
slope (°) 
Northern 
wall average 
slope (°) 
Straight 
A–A’ 1340 700 6.4 6.9 
B–B’ 1480 670 6.5 6.2 
C–C’ 1560 630 5.9 5.8 
D–D’ 1620 650 5.5 6.5 
E–E’ 1720 650 5.2 6.2 
F–F’ 1800 680 4.7 5.9 
G–G’ 1830 680 3.5 6.0 
H–H’ 1920 620 3.4 6.2 
I–I’ 2090 720 6.0 6.5 
J–J’ 2190 670 5.7 6.2 
K–K’ 2380 800 5.8 6.5 
L–L’ 2510 700 4.6 6.8 
Curved 
M–M’ 2540 510 6.5 5.7 
N–N’ 2580 600 5.3 5.9 
O–O’ 2640 580 6.6 6.4 
P–P’ 2710 680 6.4 5.9 
Q–Q’ 2880 470 7.0 6.8 
R–R’ 3070 570 7.3 6.0 
Mouth S–S’ 3070 400 7.6 5.8 
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All cross-canyon profiles down the channel of Byron Canyon, shown from an oblique view. 
 
BYRON CANYON 
Profile 
Thalweg water 
depth (m) 
Thalweg Incision 
depth (m) 
Southern wall 
average slope (°) 
Northern wall 
average slope (°) 
A–A’ 770 130 3.2 6.6 
B–B’ 930 120 5.1 6.2 
C–C’ 1070 250 6.6 6.6 
D–D’ 1180 280 6.2 5.7 
E–E’ 1340 350 6.0 6.3 
F–F’ 1530 280 6.5 7.2 
G–G’ 1740 330 7.3 7.6 
H–H’ 1890 390 7.8 6.0 
I–I’ 1910 450 7.4 6.5 
J–J’ 1940 150 7.3 6.6 
K–K’ 2030 190 7.0 7.0 
L–L’ 2110 210 7.3 7.2 
M–M’ 2180 240 7.7 7.5 
O–O’ 2225 180 6.9 6.2 
P–P’ 2250 190 6.3 5.3 
Q–Q’ 2290 180 5.9 6.5 
R–R’ 2340 180 4.6 5.8 
S–S’ 2360 130 4.4 6.5 
T–T’ 2400 140 6.2 6.1 
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All cross-canyon profiles down the channel of Clarence Canyon, shown from an oblique view. 
 
  
Yu (2017)  Appendices 
 411 
 
F. Slope Stability Modelling 
F.1. Toe-Cut Modelling  
A summary of FoS results from a range of seismic loads (horizontal and vertical) with scenarios presenting increasing amounts of the toe of Inskip 
Slope being eroded. Green area = failed slope material; green line = pre-failure slope profile; black line = current (post-failure) slope profile; blue line 
= slip surface; red line = exposed surface from toe-scouring. Critical FoS are underlined. (Figure continues for the next 3 pages.) 
Step kv        kh    0 -0.1 -0.2 -0.3 -0.4 Model Image 
0  
0 5.024     
 
0.1 2.668 2.536 2.388 2.222 2.032 
0.2 1.803 1.681 1.550 1.408 1.254 
0.3 1.354 1.249 1.139 1.021 0.897 
0.4 1.079 0.989 0.894 0.796  
1 
0 5.027     
 
0.1 2.669 2.537 2.389 2.222 2.032 
0.2 1.804 1.682 1.551 1.408 1.254 
0.3 1.354 1.250 1.139 1.022 0.897 
0.4 1.079 0.989 0.894 0.796  
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Step kv        kh    0 -0.1 -0.2 -0.3 -0.4 Model Image 
2 
0 4.754     
 
0.1 2.589 2.464 2.324 2.166 1.985 
0.2 1.765 1.648 1.521 1.384 1.234 
0.3 1.331 1.229 1.122 1.007 0.885 
0.4 1.063 0.975 0.883 0.786  
3 
0 4.638     
 
0.1 2.553 2.431 2.295 2.140 1.963 
0.2 1.747 1.632 1.508 1.372 1.225 
0.3 1.320 1.220 1.114 1.000 0.879 
0.4 1.055 0.968 0.877   
4 
0 4.521     
 
0.1 2.516 2.398 2.265 2.113 1.940 
0.2 1.729 1.616 1.494 1.360 1.214 
0.3 1.309 1.210 1.105 0.993 0.873 
0.4 1.048 0.961 0.871   
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Step kv        kh    0 -0.1 -0.2 -0.3 -0.4 Model Image 
 
5 
0 4.334     
 
0.1 2.455 2.342 2.215 2.070 1.903 
0.2 1.699 1.589 1.470 1.341 1.198 
0.3 1.290 1.194 1.091 0.981 0.863 
0.4 1.035 0.950 0.861   
6 
0 4.200     
 
0.1 2.410 2.301 2.178 2.038 1.876 
0.2 1.676 1.569 1.453 1.326 1.186 
0.3 1.276 1.181 1.080 0.972 0.856 
0.4 1.025 0.941 0.853   
7 
0 3.841     
 
0.1 2.284 2.185 2.074 1.945 1.797 
0.2 1.611 1.511 1.402 1.282 1.150 
0.3 1.235 1.145 1.049 0.946 0.834 
0.4 0.996 0.916 0.831   
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Step kv        kh    0 -0.1 -0.2 -0.3 -0.4 Model Image 
8 
0 3.633     
 
0.1 2.206 2.114 2.009 1.888 1.747 
0.2 1.569 1.474 1.370 1.255 1.127 
0.3 1.209 1.122 1.029 0.929 0.820 
0.4 0.977 0.900 0.817   
9 
0 3.467     
 
0.1 2.142 2.055 1.955 1.840 1.706 
0.2 1.535 1.443 1.343 1.232 1.108 
0.3 1.187 1.103 1.012 0.914 0.808 
0.4 0.961 0.885 0.805   
10 
0 3.174     
 
0.1 2.022 1.944 1.854 1.750 1.628 
0.2 1.469 1.384 1.291 1.187 1.070 
0.3 1.144 1.065 0.979 0.886 0.784 
0.4 0.930 0.858    
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F.1. Pseudo-Static Modelling  
A summary of the resultant FoS for a range of seismic coefficients. Critical FoS are underlined.  
WIDE BAY CANYON SYSTEM – INSKIP SLIDE 
kh                    kv            0.4 0.3 0.2 0.1 0 -0.1 -0.2 -0.3 -0.4 
0 5.015 5.016 5.018 5.021 5.024 5.027 5.032 5.037 5.045 
0.1 3.079 2.991 2.894 2.787 2.668 2.536 2.388 2.222 2.032 
0.2 2.212 2.120 2.021 1.916 1.803 1.681 1.550 1.408 1.254 
0.3 1.719 1.635 1.546 1.453 1.354 1.249 1.139 1.021 0.897 
0.4 1.402 1.326 1.247 1.165 1.079 0.989 0.894 0.796  
 
MAROOCHYDORE SLOPES 
Site kh                  kv       0 -0.1 -0.2 -0.3 -0.4 
CMS 
0.1 2.888 2.737 2.568 2.380 2.168 
0.2 1.908 1.775 1.632 1.478 1.313 
0.3 1.417 1.306 1.188 1.064 0.933 
0.4 1.123 1.028 0.929 0.825  
Slump 
DR2 
0.1 2.886 2.736 2.569 2.381 2.171 
0.2 1.909 1.776 1.633 1.480 1.315 
0.3 1.418 1.307 1.189 1.065 0.934 
0.4 1.124 1.029 0.930 0.827  
Slump 
DR3 
0.1 2.884 2.739 2.577 2.395 2.189 
0.2 1.914 1.784 1.643 1.493 1.330 
0.3 1.425 1.314 1.198 1.076 0.946 
0.4 1.130 1.036 0.938 0.835  
 
BYRON CANYON – BYRON SLIDE 
Scenario kh          kv 0 -0.1 -0.2 -0.3 -0.4 
Whole-of 
-slope 
0.1 2.907 2.753 2.582 2.391 2.176 
0.2 1.916 1.782 1.637 1.482 1.316 
0.3 1.422 1.309 1.191 1.066 0.934 
0.4 1.126 1.030 0.931 0.827  
Upper 
slope 
slide only 
0.1 1.745 1.687 1.619 1.540 1.444 
0.2 1.309 1.241 1.164 1.077 0.979 
0.3 1.038 0.970 0.896 0.815  
0.4 0.852     
 
